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Dams and reservoirs are important components of water resource management systems, 
but their operational sensitivity to streamflow variability may make them vulnerable to 
climate change. Climate change is likely to affect the magnitude and timing of streamflow, 
motivating the assessment of potential impacts on dams and reservoirs. Here I examine a 
case study of Cougar Dam, a multipurpose dam in Oregon, USA, to assess potential impacts 
of future climate change on operational performance. In the first portion of this study, I 
examine the historical operation of Cougar Dam, to understand (1), whether operational 
objectives have been achievable in the past despite operational variability, and (2) how 
climatic variation is expressed in operational trajectories. By analyzing historical streamflow and operations data using a set of metrics, I characterize variability in past 
operations and how that variability relates to streamflow. I also employ a reservoir model 
to distinguish operational differences due to streamflow variability from variability due to 
other factors that affect operations. I find that operational objectives have been achievable, 
despite variability in operations and departures from the ideal operational trajectory. 
Throughout the historical period, flood control operations have almost always kept 
reservoir outflows below the desired maximum outflow. Although filling occurs 9 days late 
on average, the reservoir has filled in all but 6 out of 37 years. Although drawdown occurs 
47 days early on average, early drawdown does not generally impact recreation and allows 
minimum outflows to be met every day during all but the driest year.  I also find that total 
seasonal inflow is correlated with measures of operational performance, and that other 
factors besides climate play an important role in determining operational trajectories. I 
conclude that operations of Cougar Reservoir are vulnerable to climate change, but that 
operational flexibility may mitigate some of the potential impacts. 
In the second portion of this study I assume that current operating rules will be kept in 
place and I aim to understand what types of operational impacts may be expected, when 
they may be expected to occur, and whether the operational impacts may necessitate 
changing operational rules. I employ both a traditional climate impacts assessment 
approach to assess changes over time as well as a scenario-neutral approach to generalize 
relationships between streamflow and operations of Cougar Dam. I find that projected 
increases in winter streamflow could result in up to twice the number of downstream high 
flows than in the past and that projected decreases in summer streamflow could result in 
earlier reservoir drawdown by up to 20 days on average. Additionally, filling of the reservoir may occur up to 16% more often or 11% less often than in the past, depending on 
spring flow magnitude and timing. I also find that there are strong general relationships 
between total inflow volume and flood control performance, and that there are total inflow 
thresholds for whether or not the reservoir will fill or will be full enough for recreation in 
late summer. I conclude that future modification of operating policies may be warranted, 
but that there will likely be tradeoffs between operating objectives in the future even if 
operating rules are modified. 
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1  General Introduction 
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1.1  Study Context and Motivation 
The World Register of Dams lists more than 9,000 large dams (over 15 meters) in the US 
and more than 37,000 around the world (ICOLD, 2011). Additionally, the US National 
Inventory of Dams (NID) lists over 84,000 dams greater than 2 meters in height and it has 
been estimated that there are another 2,000,000 smaller dams in the US (Graf, 1993; NID, 
2010). Dams have played an important role in human development for thousands of years, 
allowing water to be stored for later use, diverted for uses away from the stream, and 
converted to energy (Altinbilek, 2002; World Commission on Dams, 2000). Until the 19th 
century, most dams were small, but more recently much larger dams have been built to 
provide large-scale flood control, hydropower, river navigation, recreation, and water for 
irrigation, industrial use, and drinking water (World Commission on Dams, 2000). The 
technology to build large dams has provided opportunities for development and society has 
taken advantage of the benefits of large dams for economic growth (Altinbilek, 2002).  It has 
been estimated that at least two trillion US dollars have been spent on dam construction 
since 1900 (World Commission on Dams, 2000).  
This legacy of dam construction necessitates continued management of existing structures. 
Management can take many forms, including routine maintenance and operation, 
modification of operating policies, structural rehabilitation, or dam removal. When 
considering management options, managers must consider existing conditions as well as 
account for shifting societal needs and values and a changing environment.  
Over the next century, a particularly important consideration for dam and reservoir 
management will be climate change.  Dams and reservoirs are vulnerable to climate change 3 
 
because they operate by storing and releasing streamflow, which is dependent on climate.  
Climate change likely to have significant impacts on hydrology and, consequently, on 
operations of dams and reservoirs. However, it is not yet clear how dams and reservoirs 
may be affected by climate change or what types of adaptations may be required.  The 
objective of this study is to assess whether changes to the operational policies of a case 
study dam in Oregon USA may be needed in the future to adapt to climate change. 
To understand how dams may be affected by climate change we must first understand the 
factors that affect storage and release of streamflow. Factors that may affect storage and 
release operations include operational objectives and operating policies, streamflow 
variability, system-wide management, structural or mechanical constraints of the reservoir, 
dam, or outlet works, and operator flexibility for decision-making. Since climate change is 
likely to have direct effects on streamflow, assessment of climate change impacts primarily 
focuses on the effects of streamflow on operational variability. However, the other factors 
that affect operations confound the relationships between streamflow and operations and 
must be accounted for before potential impacts of climate change on dam operations can be 
assessed. 
Operational objectives and operating policies are major factors in determining storage and 
releases. A single dam is often required to meet many operational objectives, including flood 
control, power generation, navigation, recreation, water supply, water quality, and 
environmental uses (Water Supply Act of 1958). For federal projects in particular, 
reservoirs are required to meet the objectives written in Congressional authorizing 
legislation. Reservoirs achieve management objectives by storing and releasing streamflow 4 
 
according to a set of operating policies. Operating policies may include target dates for 
achieving storage goals, minimum or maximum outflow requirements, target rates of filling 
or emptying, and limits on how quickly storage volume or outflows may change. A common 
way of describing these types of policies is through rule curves or water control diagrams. 
These diagrams generally consist of one or more curves plotted with time on the horizontal 
axis and some type of physical characteristic of reservoir operations on the vertical axis. 
Common physical characteristics used in these diagrams include reservoir elevation, 
storage volume, and outflow rate. The shape of the curve represents how operations should 
vary throughout the year; it is specified based on the operational objectives of the project as 
well as the historical streamflow regime that the reservoir must manage. Because rule 
curves are based on operating objectives and typical streamflow conditions, they are 
generally intended to remain in place for many years unless operating objectives or other 
conditions in the system change. 
Successful operational performance is not simply defined by exactly mimicking a guideline 
trajectory. An ideal operational trajectory for a given year would follow the rule curve as 
closely as possible. However, operational trajectories are dependent on inflow streamflow, 
which varies with weather and climate. Deviations from the rule curve are expected, and a 
range of trajectories may successfully fulfill operational objectives. It is these deviations 
from the particular trajectory specified by the rule curve that provide insight into the 
relationships between streamflow and climate and reveal vulnerabilities to climate change. 
As we discover vulnerabilities to climate change we can then quantify the potential effects 
of climate change on reservoir operations and assess if and when changes in operating 5 
 
policies may be necessary. A common method of impacts assessment uses projected 
temperature and precipitation scenarios, hydrologic modeling, and reservoir operation 
simulations to investigate future reservoir operations (Christensen et al., 2004; Payne et al., 
2004; Tanaka et al., 2006; VanRheenen et al., 2011; VanRheenen and Wood, 2004). By 
modeling reservoir operations over historical and future time periods representing average 
projected conditions for various planning horizons (e.g. 2020s, 2040s, 2080s), it is possible 
to provide an assessment of how the operational performance of a reservoir system may 
change over time.   
While the traditional type of study can provide valuable information regarding the types 
and general timelines of changes in streamflow, this approach has several limitations. Small 
streamflow datasets and/or the use of only one or a few climate projections (Christensen et 
al., 2004; Payne et al., 2004; VanRheenen et al., 2011; VanRheenen and Wood, 2004; Vicuna 
et al., 2007)  and complex reservoir models(Payne et al., 2004; Tanaka et al., 2006; 
VanRheenen and Wood, 2004; Yao and Georgakakos, 2001), can complicate interpretation 
and use of results. In traditional studies, the number of years of input data for a particular 
scenario is generally less than 100, which often means that the operational performance 
must be interpreted in the context of specific sequences of input data. Additionally, although 
there is considerable uncertainty in future changes in precipitation that are critical for 
reservoir impacts, these analyses may rely only on one or a few future climate scenarios and 
therefore the results depend heavily on the specific scenarios used to develop the future 
climate projections. Such studies may quickly become out of date as new projections are 
developed. Complex models may also obscure the overall effects of climate. While complex 
operations models to simulate multiple-reservoir systems, operator decisions, and/or 6 
 
modified operating policies can be useful, there may be too many moving parts, making it 
difficult to attribute changes in operations to climate change.  
Alternatives or additions to the traditional approach, including large multi-model 
ensembles, stochastic methods, adjustment of climate scenarios, simple reservoir models, 
and analyses that rely less heavily on particular climate projections address some of these 
issues, but are not yet in common practice for reservoir impacts assessments (Beyene et al., 
2009; Brekke et al., 2009; Brown et al., 2012; Prudhomme et al., 2010; Vano et al., 2010; 
Vicuna et al., 2010). The issue of small datasets can be alleviated through the use of 
stochastic techniques. Stochastic techniques allow large numbers of projections to be 
generated from a few hydrologic model simulations, which increases the number of years of 
data beyond the length of a hydrologic model simulation and introduces additional 
variability in event sequencing. To account for uncertainties in flow volume changes 
without using additional future climate projections, adjusting an existing streamflow 
dataset can provide a wider range of streamflow projections than that of a single climate 
model. Simple reservoir operations models make investigation of relationships between 
streamflow and operations more straightforward by eliminating the complications of 
multiple reservoirs, operator decisions, and changing operating policies.  A “scenario-
neutral” approach aims to separate impacts assessments from specific climate models or 
scenarios and generalize relationships between climate, hydrology, and reservoir 
operations (Brown et al., 2012; Prudhomme et al., 2010).  
The objective of this study is to investigate how climate change may influence the 
performance of Cougar Dam by applying stochastic hydrology, flow adjustment, and a 7 
 
simple reservoir model to produce reservoir operations projections, and using both the 
traditional approach and the scenario-neutral approach assess climate change impacts. 
Assuming that current operating rules are kept in place, we aim to understand what types of 
operational impacts may be expected, when they may be expected to occur, and whether 
the operational impacts may necessitate changing operational rules. We also aim to 
illustrate the differences between the two impacts assessment approaches, as well as how 
they may be used together. 
1.2  Study Overview 
This study addresses the implications of climate change for dam operations through a case 
study of a multipurpose flood control dam in Oregon, USA.  Manuscript 1 examines 
historical operations in the context of the historical streamflow regime (Figure 1.1). First I 
describe the range of conditions under which the dam has operated and describe how it has 
performed in the past. I also examine relationships between streamflow and reservoir 
operations to assess vulnerability to climate change. In Manuscript 2 I model future 
operations and analyze the results using both the traditional impacts assessment approach 
and a scenario-neutral approach (Figure 1.1). Future streamflow projections based on GCM 
climate projections and regional streamflow simulations drive a stochastic streamflow 
generation model that addresses some of the uncertainty in streamflow projections. For 
impacts modeling I use a simple reservoir model to simulate future operations. Then I 
compare the historical streamflow and operations to future projections to examine when 
and what types of changes may be expected.  I also look for general relationships between 
streamflow and reservoir operations in order to reduce dependency on  particular climatic 
model outputs.  8 
 
1.2.1  Manuscript 1: Analysis of Historical Variability 
The objective of this portion of the study was to understand the sensitivities of reservoir 
operations to variability in streamflow. For a case study of Cougar Reservoir, a 
multipurpose reservoir in the McKenzie River Basin in Oregon, USA, I aimed to understand 
(1), whether operational objectives have been achievable in the past despite operational 
variability, and (2) how climatic variation is expressed in operational trajectories. I then 
used this information to speculate about how operations might be affected by future climate 
change.  
I began by analyzing historical climate and operations data to characterize past variability. I 
developed a set of metrics characterizing inflows and reservoir storage and release 
operations. I examined variability around the mean for each metric and I explored 
relationships between streamflow and reservoir operations metrics. These relationships 
provided the basis for understanding the dependence of operations on streamflow.  
To account for the other factors besides streamflow that affect reservoir operations, I also 
developed a simple reservoir operations model based on the Cougar Dam operating 
policies. The purpose of the model was to separate climate-induced variability from the 
other factors that affect adherence to the rule curve. The reservoir model specified 
reservoir storage volume targets along with restrictions on minimum and maximum 
outflows. It simulated daily reservoir storage and releases from daily inflow. I analyzed and 
compared the modeled reservoir operations to measured historical operations, and then I 
described the influences of climate on streamflow.  9 
 
Finally I used the relationships between streamflow and reservoir operations elucidated by 
the comparison of modeled and measured historical data to look forward. I made inferences 
about how operations may be affected by future climatic changes, assessing which aspects 
of reservoir performance may be at risk as climate change causes changes in inflow 
streamflow. 
1.2.2  Manuscript 2: Assessment of Climate Change Impacts 
In this portion of the study I directly assessed climate change implications for reservoir 
operations. The objective was to determine whether current operating policies of Cougar 
Dam may need to be changed in the future. I examined this question by modeling future 
reservoir operations while assuming that current operating rules would be kept in place.  
To assess the implications of climate change I used two complementary types of impacts 
assessment approaches which provided a variety of information about potential future 
reservoir operations. First, I used a modified version of the traditional approach of 
assessing changes over time for future streamflow scenarios. As is commonly done, I used 
projected future streamflow scenarios based on global climate model projections. In 
addition, I used a stochastic model to add additional variability to inflow streamflow 
sequences. This approach provided information about the type of changes that may be 
expected and when they may be expected to occur. However, a drawback of this approach 
was the lack of accounting for uncertainty in which climate projections are most likely. The 
second approach avoided many of the issues with uncertainty in climate projections by 
eliminating the time-dependence of scenarios with generalized relationships between 
streamflow and reservoir operations. This approach is based on the scenario neutral 10 
 
approach described by Prudhomme et al. (2010) and the decision-scaling approach 
described by Brown et al. (2012).  Although the results were still dependent on which 
streamflow projections were used for modeling future reservoir operations, there was no 
assumption that the projections were accurately modeling how climate will evolve over 
time. Instead this approach focused on the response of the reservoir to various  types of 
inflow sequences. I examined the relationships between climate metrics and reservoir 
performance metrics to create response curves which provided an expected value of 
performance for a particular value of a streamflow metric. Then I briefly illustrated the use 
of the response curves by taking projections from the literature and other climate models to 
make projections of future operational changes for Cougar Reservoir.  
1.3  Guide to Thesis 
The following three chapters contain the details of this study. Chapter 2 consists of a 
manuscript describing the first portion of the study and Chapter 3 consists of a manuscript 
describing the second portion of the study. Chapter 4 provides a brief conclusion to the 
study. Additional details on the study may be found in the Appendices, and references may 
be found at the end of each chapter as well as in an overall bibliography at the end of the 
thesis. 
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Figure 1.1 Project Diagram 
 14 
 
 
Figure 1.2 Map of Willamette Basin with enlargement of Cougar Reservoir area. 
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Figure 1.3 Cougar water control diagram showing the rule curve, minimum and 
maximum outflow rates, pool elevations and storage volumes, and the reservoir 
seasons used for analysis. 
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2.1  Abstract 
Dams and reservoirs are important components of water resource management systems, 
but their operational sensitivity to streamflow variability may make them vulnerable to 
climate change. The storage and evacuation trajectories realized each year as reservoirs are 
operated depend directly on inflow magnitude and timing. In this case study, we examine 
the historical operation of Cougar Dam, a multipurpose reservoir in Oregon, to understand 
(1), whether operational objectives have been achievable in the past despite operational 
variability, and (2) how climatic variation is expressed in operational trajectories. By 
analyzing historical streamflow and operations data using a set of metrics, we characterize 
variability in past operations and how that variability relates to streamflow. We also employ 
a reservoir model to distinguish operational differences due to streamflow variability from 
variability due to other factors that affect operations. We find that operational objectives 
have been achievable, despite variability in operations and departures from the ideal 
operational trajectory. Throughout the historical period, flood control operations have 
almost always kept reservoir outflows below the desired maximum outflow. Although filling 
occurs 9 days late on average, the reservoir has filled in all but 6 out of 37 years. Although 
drawdown occurs 47 days early on average, early drawdown does not generally impact 
recreation and allows minimum outflows to be met every day during all but the driest year.  
We also find that total seasonal inflow is correlated with measures of operational 
performance, and that other factors besides climate also play an important role in 
determining operational trajectories. We conclude that operations of Cougar Reservoir are 
vulnerable to climate change, but that operational flexibility may mitigate some of the 
potential impacts. 18 
 
2.2  Introduction 
Dams and reservoirs are important components of many water resource management 
systems, but they may be vulnerable to climate change because the streamflow that they 
manage is dependent on climate (Christensen et al., 2004; Payne et al., 2004; VanRheenen et 
al., 2011; VanRheenen and Wood, 2004; Yao and Georgakakos, 2001). To understand how 
dams may be affected by climate change, we must first understand the factors that affect 
storage and release operations and how these factors have contributed to operational 
variability in the past. Factors that may affect storage and release operations include 
operational objectives and operating policies, streamflow variability, system-wide 
management, structural or mechanical constraints of the reservoir, dam, or outlet works, 
and operator flexibility for decision-making (Wurbs, 1996). Streamflow variability is most 
relevant for assessing climate change impacts because of the direct relationship of climate 
to streamflow. However, the other factors that affect operations confound the relationships 
between streamflow and operations and must be accounted for before potential impacts of 
climate change on dam operations can be assessed. 
Operational objectives and operating policies are major factors in determining storage and 
releases. A single dam is often required to meet many operational objectives, including flood 
control, power generation, navigation, recreation, water supply, water quality, and 
environmental uses (Water Supply Act of 1958). For federal projects in particular, 
reservoirs are required to meet the objectives specified in Congressional authorizing 
legislation. Reservoirs achieve management objectives by storing and releasing streamflow 
according to a set of operating policies. Operating policies may include target dates for 
achieving storage goals, minimum or maximum outflow requirements, target rates of filling 19 
 
or emptying, and limits on how quickly storage volume or outflows may change. A common 
way of describing these types of policies is through rule curves or water control diagrams. 
These diagrams generally consist of one or more curves plotted with time on the horizontal 
axis and some type of physical characteristic of reservoir operations on the vertical axis. 
Common physical characteristics used in these diagrams include reservoir elevation, 
storage volume, and outflow rate. The shape of the curve represents how operations should 
vary throughout the year; it is specified based on the operational objectives of the project as 
well as the historical streamflow regime that the reservoir must manage. Because rule 
curves are based on operating objectives and typical streamflow conditions, they are 
generally intended to remain in place for many years unless operating objectives or other 
conditions in the system change. 
Successful operational performance is not simply defined by exactly mimicking a guideline 
trajectory. An ideal operational trajectory for a given year would follow the rule curve as 
closely as possible. However, operational trajectories are dependent on inflow streamflow, 
which varies with weather and climate (Figure 2.1). Deviations from the rule curve are 
expected, and a range of trajectories may successfully fulfill operational objectives. It is 
these deviations from the particular trajectory specified by the rule curve that provide 
insight into the relationships between streamflow and climate and reveal vulnerabilities to 
climate change. 
The ultimate objective of this work is to understand the sensitivities of reservoir operations 
to streamflow. We aim to understand (1) whether operational objectives have been 
achievable in the past despite operational variability, and (2) how climatic variation is 20 
 
expressed in operational trajectories. We then aim to use this information to speculate 
about how operations might be affected by future climate change. Using a case study of 
Cougar Dam, a multipurpose dam in the McKenzie River Basin in Oregon, USA, we examine 
reservoir inflows, storage changes, and releases to assess historical operational 
performance. 
Our work consists of two primary steps: analyzing historical streamflow and operations 
data to characterize past variability and analyzing modeled reservoir operations to separate 
the effects of streamflow from the effects of other factors. We begin by analyzing historical 
climate and operations data to characterize past variability. We develop a set of metrics to 
describe characteristics of streamflow and reservoir storage and releases. We look at 
variability around the mean for each metric and we also examine relationships between 
streamflow metrics and reservoir metrics. These relationships provide the basis for 
understanding the dependence of operations on climate. Because other factors may also 
affect reservoir operations, we then develop a simple reservoir operations model to help 
separate climate-induced variability from other factors that affect adherence to the rule 
curve. The reservoir model is essentially a rule curve that specifies reservoir storage 
volume along with restrictions on minimum and maximum outflows. It simulates daily 
reservoir storage and releases from daily inflow. After calculating the reservoir 
performance metrics for the modeled operations and comparing the values with those 
resulting from analysis of the measured operations, we describe the influences of climate on 
streamflow. Finally we use these relationships to make inferences about how operations 
may be affected by future climatic changes, assessing which aspects of reservoir 
performance may be at risk as climate change causes changes in reservoir inflows. 21 
 
2.3  Study Area and Background Information 
This study focuses on Cougar Dam, a multipurpose reservoir on the South Fork of the 
McKenzie River in Oregon. The McKenzie River Basin is located in the Willamette River 
Basin, in the northwestern part of the state. The McKenzie River begins on the western 
slopes of the Cascade Mountains and flows into the Willamette River near Eugene, Oregon. 
The Cascades have a Mediterranean climate with a strongly seasonal distribution of 
precipitation influenced by marine airflows from the Pacific Ocean to the west. The majority 
of precipitation falls between October and May and the wettest month averages about 10 
times more precipitation than the driest month (Mote et al., 2003). Snow is an important 
component of annual precipitation, but whether or not precipitation falls as rain or snow is 
highly dependent on winter temperature fluctuations around the freezing point (Nolin and 
Daly, 2006; Sproles, 2012) This climatic regime results in streamflow hydrographs 
characterized by peaks in the fall and winter due to rainstorms and rain-on-snow events, a 
gradual, muted peak in the spring as snowmelt occurs, and a recession to low flows during 
the summer.  
Cougar Dam is a multipurpose reservoir located on the South Fork of the McKenzie River in 
Oregon’s Willamette Basin. The project was completed in 1963 and consists of a 138 m tall 
rockfill dam with a 25 MW powerhouse. At full pool, Cougar Reservoir has a storage 
capacity of 246 million cubic meters, approximately three times the mean total annual 
inflow. The project is owned and operated by the Portland District of the US Army Corps of 
Engineers (USACE) to meet authorized purposes of flood damage reduction, irrigation, 
power generation, recreation, navigation, and downstream water quality improvements. It 
is operated as part of the Willamette System of 13 multipurpose dams (Figure 2.2).  22 
 
Operation of the project is guided by a reservoir regulation manual that has remained 
essentially unchanged since the completion of the project (U.S. Army Corps of Engineers 
Portland, 2009; US Army Corps of Engineers, 1964). The manual contains a set of 
operational targets and guidelines that are described by a rule curve and additional 
operating policies (Figure 2.3). The rule curve describes target reservoir elevations and 
rates of change in reservoir storage for each day of the year. Additional rules specify 
minimum and maximum outflows, rates of change of outflows, and downstream minimum 
and maximum flow targets. For system-wide operations there are also flow targets at two 
downstream control points on the mainstem Willamette that must be met by the system as 
a whole. 
Throughout the year, reservoir elevation generally varies between low pool at 467 m and 
high pool at 515 m according to the operational targets described by the rule.. The rule 
curve specifies that low pool storage should be maintained in December and January, except 
when the storage volume is being used for flood control. Between February and May, 
storage is gradually increased as operations transition between winter flood control and 
summer conservation. High pool is maintained from May through September, and releases 
are made to supplement outflows and meet mainstem flow targets. From September 
through November water is gradually released to reach low pool for flood storage.  
Since the time of construction of the Willamette projects, the only substantial modification 
to the policies governing Cougar and the other Willamette Basin dams has been the 
implementation of the 2008 Biological Opinion (BiOp) (National Marine Fisheries Service, 
2008). The BiOp is a legally binding document produced under the authority of the 23 
 
Endangered Species Act that specifies measures to mitigate the effects of the Willamette 
System of dams on threatened salmonid species and their habitat in the basin. The 
measures include fish passage, hatcheries, flow management, monitoring, coordination, and 
habitat improvements. For storage and release operations at the dams, the BiOp added 
tributary flow targets, updated mainstem flow targets to the targets already in place, and 
specified stricter ramping rates. At Cougar Dam, the BiOp requires an increase in the 
minimum release from 6 m3/s to 8.5 to 11 m3/s (although 8.5 m3/s had previously been an 
unofficial target even before the BiOp) and adds more specific ramping rate limits for night 
and daytime releases. 
Reservoir operations are influenced by the amount and timing of inflow (streamflow 
entering the reservoir), and therefore may be vulnerable if climate change produces 
changes in the type and magnitude of precipitation as well as changes in the timing of 
snowmelt.   In the Pacific Northwest, climate projections indicate that precipitation phase 
and distribution in time are likely to change in the future, while change to total precipitation 
is expected to be modest.  Winter warming may cause precipitation to fall as rain instead of 
snow, and the amount of precipitation may increase in the winter and decrease in the 
summer (Hamlet et al., 2010; Mote et al., 2005)(Mote and Salathé, 2010). Together, these 
changes would significantly affect the timing and magnitude of streamflow and could have 
important implications for reservoir management (Nolin and Daly, 2006). Under climate 
change scenarios, the current operating policies may not allow the dams to continue to 
provide the full array of desired services at their current level of performance. For example, 
increased rainfall in the winter could lead to more frequent winter peak flows, but the 
current operating policies may not be adequate to handle the increased volume, leading to 24 
 
the potential for larger flood impacts downstream. In addition, decreased spring snowmelt 
could lead to lower summer water availability, causing difficulties in meeting reservoir 
volume objectives or in-stream flow targets. 
2.4  Methods 
To understand historical climate and reservoir operations at Cougar Reservoir, we begin by 
assembling a dataset of historical measured daily inflow, reservoir storage, and outflow. We 
analyze this data using a set of quantitative metrics that describe and summarize climate 
and operations on an annual and seasonal basis to understand the range of past climate 
characteristics and operational performance. Next we model reservoir operations with a 
daily operations model that we develop using the current operating policies of the reservoir 
to understand how factors besides climate affect operations. Finally we speculate about 
how climate change may impact operations in light of the influences of streamflow 
variability and other factors on operations. 
2.4.1  Input Data 
To characterize past variability in climate and operations, we used three types of daily data: 
inflow, reservoir storage, and outflow. Inflow data includes all sources of inflow to the 
reservoir, including major and minor rivers and streams, as well as surface runoff and direct 
precipitation. Complete outflow and reservoir storage data records are available from USGS 
and USACE, but inflow is not. There is a stream gage on the South Fork McKenzie above 
Cougar Reservoir (14159200), but it does not measure all inflow to the reservoir because 
there are tributaries that flow directly into the reservoir below the gage (Figure 2.4). 
Therefore, instead of using inflow measurements we use a mass balance of the Cougar 25 
 
Reservoir system to estimate inflow from measured outflow and storage volume. Reservoir 
inflow is calculated as the sum of reservoir outflow plus any change in reservoir storage. 
We obtained measured daily streamflow for 1947 to 2011 from a USGS gaging station 
located just below the reservoir (14159500). We also obtained measured reservoir 
elevation data from a USGS gaging station in the reservoir (14159400) for 1963 to 2003. 
This dataset had a number of missing values throughout the record, but we also obtained a 
more complete reservoir elevation dataset from the Corps of Engineers with measurements 
from the same gage for 1964 to 2000. By combining the two reservoir elevation datasets, 
we developed a complete record of reservoir elevation for the period from 1963 to 2003.  
To obtain daily reservoir inflows we calculated the volume of water stored in the reservoir 
associated with each reservoir elevation datapoint using a USACE table relating elevation to 
volume. We also calculated the change in reservoir storage volume for each day. Finally, we 
summed outflow and reservoir volume change for each day to obtain inflow. This procedure 
gave us a complete dataset of reservoir inflows, storage, and outflows for 1963 to 2003. To 
avoid atypical operations during the initial reservoir filling after the dam was completed, we 
started our data for analysis at December 1963. And because installation of a temperature 
control facility required deep drawdown of the reservoir in 2001, we ended our historical 
dataset in November 2000. The period of analysis is also prior to the implementation of the 
Willamette BiOp, so any changes in operations due to the BiOp are not a factor in the 
historical analysis. Therefore, we have a dataset of inflows, storage changes, and outflows 
for a continuous time period in which there were no changes in project operation policies.  26 
 
For analysis purposes we defined a reservoir year and reservoir seasons. The reservoir year 
begins on November 30th and is divided into four seasons based on the shape of the rule 
curve. The low pool season runs from November 30th to January 31st and is the period 
during which the rule curve specifies a constant elevation at 467 m. The filling season runs 
from February 1st to May 7th and is the period when the reservoir elevation changes are 
positive. The high pool season runs from May 8th to August 31st and corresponds to when 
the rule curve specifies that the reservoir should be held at maximum conservation pool. 
The emptying season runs from September 1st to November 29th and is when the reservoir 
empties from maximum conservation pool to flood control pool. We also define the day of 
the reservoir year (DOrY) to start at 1 on November 30th.  
2.4.2  Streamflow and Operations Metrics 
To characterize variability in streamflow and operations we developed a set of quantitative 
metrics that summarize reservoir inflows and operational performance for each year and 
season. The metrics are divided into two groups: streamflow metrics that describe climate 
as expressed in inflow streamflow (Table 2.1), and reservoir operations metrics that 
describe reservoir performance (Table 2.2). Streamflow metrics are calculated using the 
daily inflow data and the reservoir metrics are calculated using the daily reservoir storage 
and outflow data. We initially began with a set of 12 streamflow metrics, but narrowed our 
focus to only inflow and timing of the center of mass of daily inflow (CT) after initial 
analysis results revealed that metrics describing specific characteristics of high flows and 
low flows did not add additional depth to the analysis.  There are 14 reservoir operation 
metrics that are further divided into four groups based on the operational objective they 27 
 
describe (flood control, filling, maintaining minimum outflows, and late summer 
conservation uses). The metrics are calculated on both an annual and seasonal basis for 
each year allowing comparison of values among seasons as well as across years, and 
facilitating analysis of temporal trends. 
2.4.3  Reservoir Model 
The reservoir model employed in this study is a simple rule-curve-based model that 
simulates reservoir operations at Cougar Dam from inflow data. Its intent is to separate the 
effects of streamflow variability from other factors such as system-wide operational 
objectives that affect reservoir operations and lead to operational variability. The model 
runs on a daily time step using reservoir inflow data to calculate reservoir storage and 
outflow. The model is based on the policies described by the rule curve as well as other 
targets and flow requirements in the Cougar Reservoir Regulation Manual (US Army Corps 
of Engineers, 1964). Although in actuality Cougar Dam is operated in concert with the other 
12 dams in the Willamette System, the model does not include any effects of other dams in 
the system or regulation due to constraints at downstream control points; these factors are 
considered external to the relationships between climate and operations at Cougar Dam. 
The model also does not include ramping rates (rates of flow increase or decrease) since 
these rules are specified on an hourly time step and cannot be effectively modeled on a daily 
scale. 
Based on project objectives and rules as described in the Cougar Manual, the model places 
highest priority on controlling floods and meeting daily minimum outflow requirements. Its 
first step is to calculate the amount of inflow needed to meet the daily minimum flow 28 
 
requirements. From this value it calculates the available flow left after meeting those 
requirements.  
Then, for each day, the model decides whether the inflow for that day should be classified as 
a flow increase requiring flood control operations. This classification is done by comparing 
flow from the current day to flow from the previous day. If the current flow is at least 1.1 
times greater than the previous day’s flow, the day is classified as a flow increase. We 
determined 1.1 to be an appropriate factor after analyzing model sensitivity to this 
parameter in accurately matching periods of storage in measured data. Additionally, if the 
previous day’s flow was a flow increase and flow on the current day is greater than the 
previous day, then the current day’s flow is also a flow increase. Finally, to prevent releases 
before flows begin to recede, days that are both preceded and followed by flow increases 
are also classified as having flow increases. This prevents single days of non-increasing 
flows from appearing amidst longer periods of increasing flows and causing premature 
release of water from the reservoir.  
After classifying the flow, the model then decides how much flow to store and/or release 
each day. This decision is made differently depending on the reservoir season. In all 
seasons, the highest priorities are meeting minimum outflow requirements and controlling 
floods. During low pool, if a flow increase is in progress, flood control operations are 
activated and all available flow is stored. When there is no flow increase in progress, water 
is passed through the reservoir at a rate not exceeding the normal maximum evacuation 
rate of 141 m3/s. During filling, the model follows the same steps, but also includes an 
additional check on whether the reservoir level is below the specified pool level for that 29 
 
day. If so, available flow is used to fill the reservoir beyond the daily storage change 
required to meet the rule curve specification. During high pool, unless there is a flow 
increase, the primary constraint is whether there is enough water for the reservoir to meet 
minimum outflow requirements. If there is not enough water, water stored in the reservoir 
is used to augment the outflow. If there is enough water, the model checks whether or not 
the reservoir is full. If not, some available flow is used to fill it all the way. This allows the 
reservoir to recover from periods when storage is depleted for outflow augmentation. 
During emptying, the primary goal is for the reservoir to empty at the specified rate while 
maintaining minimum outflows and controlling any flow increases that occur.  During 
September, the model also maintains maximum outflow rates that prevent anadromous fish 
from spawning in locations that will be dewatered later in the season as the pool empties. 
2.4.4  Variability in Streamflow and Operations 
We analyzed the relationships between streamflow metrics and reservoir metrics with 
linear fits to scatterplots of streamflow metrics versus reservoir metrics. We assessed R2 
values for correlations, with values above 0.1 indicating some correlation. Then we used t-
tests on the value of the slope coefficient in the linear model to identify significant trends, 
with p-values less than 0.05 considered to indicate evidence of a significant trend. 
2.5  Results 
We begin by describing historical streamflow variability using the mean and interannual 
standard deviation of total inflow and inflow timing (Table 2.3). Flows are largest and most 
variable in the low pool season and lowest and least variable in the high pool season. 
Timing of streamflow has low variability. Next we examine measured operational variability 30 
 
and its connection with inflow variability to understand the relationships between climate 
and operations in the historical period. In general, variability in inflow volume is related to 
variability in operations. To a lesser extent, variability in inflow timing is also correlated 
with operational variability. We also explore temporal trends in streamflow to identify 
potential nonstationarities that could confound understanding of the relationships between 
inflow and operations, but we find no trends. Finally, we compare modeled operations with 
measured operations to understand how factors besides streamflow affect operational 
variability. The differences indicate that some deviations from the rule curve are not 
explained by streamflow volume or timing and are instead connected to other factors.  
2.5.1  Inflow Variability 
Historical total annual inflow for Cougar Reservoir averages 744 million cubic meters 
(MCM) with a standard deviation of 208 MCM. The highest flows are in the winter and 
spring, and these flows are also the most variable from year to year. Seasonal flow volume 
in this system is dominated by winter and spring flow. On average, 28% of flow occurs 
during low pool, 38% occurs during filling, 20% occurs during high pool, and 14% occurs 
during emptying. On average, 66% of the total annual flow arrives during filling and low 
pool.  
The timing of the center of mass of flow (CT) also provides information about seasonality of 
flow, as well as the distribution of flow within each season. Calculated on an annual basis, 
the CT of annual inflow is DOrY 140 (April 17), indicating that half of the flow comes before 
the year is half over. Timing of the center of mass is also somewhat related to total inflow, 
and in wetter years the CT is earlier (p=0.006, R2=.17). Seasonal CT values provide 31 
 
information about distribution of flow within each season. The closer the CT is to the center 
of the season, the more evenly flow is distributed within that season. Climatologically, the 
CT is related to snow accumulation and melt (Hidalgo et al., 2009; Stewart et al., 2004).  
Over the time period of this analysis, inflow variability at Cougar Dam does not appear to be 
influenced by climate change on an annual basis, as evidenced by a lack of temporal trends 
in total inflow and CT. Some evidence of effects of global climate change on hydrology has 
already been observed in some regions (Lins and Slack, 1999; Luce and Holden, 2009; 
McCabe and Clark, 2005; Regonda and Rajagopalan, 2005; Safeeq et al., 2013; Stewart et al., 
2004). However, in the South Fork McKenzie Basin during the 37 years examined in this 
case study, we observe no significant temporal trends in inflow. There may be longer term 
trends, but we simply are unable to see them because of the short length of our record.  
Because we see no overall temporal trends, we assume that observed variability in 
reservoir metrics has not been influenced by climate change over the time period of our 
analysis.  
2.5.2  Historical Operations and Relationships with Streamflow Metrics 
Understanding the relationships between streamflow variability and how reservoir 
operations deviate from the rule curve is a key component of this study. Example years 
illustrate variability and how it may relate to streamflow and reservoir metrics quantify 
operational performance relative to operational targets and guidelines (Table 2.4). For each 
operational objective (flood control, filling, meeting minimum outflows, and late summer 
conservation) we examine metrics that measure performance for achieving the objective. 32 
 
Three example years illustrate the range of variability in operations and how climate may 
play a role in influencing deviations from the rule curve (Figure 2.5, Figure 2.6, Figure 2.7). 
Reservoir years 1977 and 1994 are two of the driest years in the record. Records of volume 
and streamflow from these years illustrate that low streamflow in the low pool and filling 
seasons caused difficulty in filling the reservoir. The main difference between the two years 
is that the reservoir was filled in 1977 but was not in 1994, despite the fact that total inflow 
during low pool and filling was slightly higher in 1994. We attribute this finding to factors 
beyond climate, such as operator decisions and the influence of system-wide operations. 
1996 is the wettest year in the record. We see that flood control storage space was used 
often during the low pool and filling seasons, and that the reservoir filled essentially on 
time. However, as in drier years, reservoir drawdown occurred early.   
Five metrics quantify flood control, which is the primary objective of Cougar Dam. Because 
the end goal of flood control operations is to prevent outflows that cause flooding 
downstream, whether or not reservoir outflows are below the maximum outflow target of 
184 m3/s specified in the reservoir regulation manual is a critical measure of flood control 
performance. In the historical record there is only one occasion when outflows exceeded 
the maximum outflow target. This occurred during a flood in February 1996, the wettest 
year on record. As evidenced by the rarity of flows above flood stage, flood control 
operations have historically been effective over the range of flows that have been 
experienced.  
Flood control performance can also be assessed by examining flood control storage in the 
reservoir. During flood control operations, while flow is increasing most inflow is stored in 33 
 
the reservoir. After flows begin to recede, stored water is let out to return the reservoir to 
low pool. High reservoir usage for storing high inflows is not problematic unless it is also 
coupled with high outflows. However, understanding reservoir usage may provide insight 
into the flexibility in the system. Metrics that describe reservoir storage for flood control 
include maximum reservoir storage, maximum consecutive days above the rule curve, and 
maximum number of days to return to rule curve. Maximum reservoir storage describes 
how close the reservoir comes to filling the available flood control space. The maximum 
flood control storage was 236 MCM during a storm in December 1964 (reservoir year 
1965), one of the largest recorded events experienced in the region. This is slightly greater 
than maximum conservation pool, but about 9 MCM less than the maximum flood control 
pool, indicating that in the largest storms the reservoir may completely fill. Focusing only on 
flood control during low pool, the maximum number of consecutive days that the reservoir 
spends above the rule curve and the maximum number of days it takes for the reservoir to 
return to the rule curve after flood control operations measure the ability of the reservoir to 
recover from floods. Most flood control operation periods last about 4 days, but the 
maximum total number of days the reservoir spends above the rule curve is 50 days on 
average out of 63, The Cougar Dam reservoir regulation manual specifies that the reservoir 
should return to the rule curve within 10 days after flood control operations cease, but it 
actually takes 20 days on average, and is often above the rule curve. Together these results 
indicate that the reservoir storage is frequently above low pool, the reservoir often does not 
return to low pool between floods and when it does return to low pool, the time it takes to 
do so is longer than the rules specify.  34 
 
Correlations between inflow, CT, and flood control metrics during the low pool and filling 
seasons reveal relationships between streamflow and flood control reservoir operations. 
Inflow volume is most influential in determining flood control performance, explaining up 
to 74% of the year to year variation (Figure 2.8). As inflow increases, the reservoir spends 
more days above the rule curve, the maximum reservoir elevation is higher, and it takes 
more time for the reservoir to return to low pool. Similar relationships also are present for 
flood control during the filling season. Additionally, for the filling season there are negative 
correlations between flow timing and flood control metrics, with R2 values between 0.15 
and 0.3, indicating a possible link to snowpack.  As the CT gets later (more snowmelt), the 
number of days above the rule curve and the number of days to return to the rule curve 
decrease, indicating that flood control storage is used less often. This is somewhat 
counterintuitive because larger total inflow is related to more flood control operations, 
However, since snowmelt flows produce flow volume without sharp increases in flow, they 
likely do not require flood control operations in most cases. 
In addition to flood control, conservation storage of water is also an important objective for 
Cougar Dam. Conservation storage is used for recreation, environmental uses, irrigation, 
and power generation, particularly in late summer. Between February 1 (DOrY 64) and May 
10 (DOrY 162) the rule curve specifies that the reservoir should fill from low pool to high 
pool. The reservoir fills in 31/37 years, or 83% of the time. We also assess historical filling 
performance by examining the timing of filling and whether daily storage change 
requirements specified by the rule curve are achieved. We quantify timing of filling by 
defining a fill anomaly, or the difference between the target DOrY for filling and the DOrY 
that the reservoir actually fills. The target day for reaching full pool is DOrY 162, and the 35 
 
average fill anomaly is 9 days late, with a minimum of 15 days early, a maximum of 57 days 
late and a standard deviation of 14 days. Daily storage change requirements are another 
measure of filling performance. If daily requirements are met, the reservoir is able to fill at 
the specified rate each day. If not, it must make up the difference later in the season in order 
to fill. In the historical period, the daily storage changes are not achieved on 64/99 days on 
average, suggesting that there are many days when flows are not sufficient to meet daily 
flow requirements and that flood flows or flows late in the filling season may be important 
for filling.  
Filling appears to mainly depend on streamflow volume, timing and distribution within the 
filling season. Total inflow is related to whether or not the reservoir fills, but does not have 
a strong relationship with when it fills. Total inflow in years that the reservoir does not fill 
is lower than years in which it does fill (p<.001), but there is no difference between total 
inflow in years in which filling occurs early/on-time and years in which filling occurs late 
(Figure 2.9a). Timing of filling seems to be related to flow timing and consistency of daily 
flows. The later the CT, the greater the number of days that daily storage change 
requirements can be met (Figure 2.9b). When daily storage change requirements can be 
met on more days during the filling season, the timing of filling is closer to the target fill 
date (R2=.54, p<.001) (Figure 2.9c).  
Another important operational consideration for Cougar Dam is maintaining minimum 
outflows from the reservoir. How often minimum outflows are met in a given year is highly 
variable, ranging from 0 to 177 days and averaging 60 days.  Although 60 days may seem 
high, the volume by which they are not met is relatively modest. Minimum outflow 36 
 
requirements are 0.73 MCM for most of the year and 0.98 MCM in June. The average amount 
by which the outflow requirement is not met is 0.1 MCM, about 10-15% of the required 
flow, and ranges from a high of 0.4 MCM to a low of .01 MCM. Most of the days when 
minimum outflows are not met (38/60) occur during the filling period, hinting at a possible 
linkage to filling operations. Minimum outflows are almost always met during low pool (not 
met 4 days on average) and emptying (not met 1 day on average) seasons. The largest 
outflow deficits occur during the low pool period (0.16 MCM) followed by high pool (0.12 
MCM), filling (0.095 MCM), and emptying (0.083 MCM). Deficits are likely high during low 
pool because flows during low pool can vary considerably and reservoir operators may not 
be able to respond quickly enough to prevent outflow deficits. Total inflow over the year 
and over individual seasons is correlated with the number of days minimum flows are not 
met, explaining 30% of the annual variability (Figure 2.10). The more total inflow in a year 
or season, the fewer days that minimum flows are not met (R2=0.3, p<.001).  
Late summer is also a critical time for operations. Flows are low in late summer and 
maintaining minimum outflows for aquatic organisms and water quality is a focus of 
operations; stored water from the reservoir is often used to augment outflows. A 
performance measure for late summer conservation use of stored water is the start of 
reservoir drawdown from high pool. The rule curve specifies a target date for beginning 
drawdown of September 1 (DOrY 277), but drawdown generally begins 47 days early on 
average in the historical record. Early drawdown is not necessarily problematic, except that 
it may conflict with late summer recreation, another important use of the reservoir. Boating, 
fishing, swimming, and other summer recreation activities depend on having water stored 
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traditionally marks the end of the summer recreation season, performance for recreation 
can be measured by whether or not boat ramps are accessible to boaters on September 1 
each year. If the reservoir is below an elevation of 498 m, the boat ramps are not accessible. 
In the historical record, the boat ramps have been out of the water in 2 out of 37 years—
1992 and 1994, two of the 3 driest years on record. We would expect that drawdown timing 
would be related to inflow volume. However, the only viable correlation between inflow and 
conservation metrics is between total inflow in the emptying period and the number of days 
below the rule curve (Figure 2.11). Although this connection indicates that drawdown may 
be related to inflow, because there are no direct significant relationships between early 
drawdown and inflow, there may be a stronger link between early drawdown and some 
other factor that influences reservoir operations. The reservoir model is most useful for 
situations like this. 
2.5.3  Other Factors Affecting Operations 
As we have noted, besides streamflow variability, there are other factors that influence 
operational variability. Examples include operations of the entire Willamette system to 
meet requirements at downstream control points and mechanical limitations of the outlet 
works to make flow changes. Because the reservoir model only includes the basic 
constraints of the rule curve and minimum and maximum outflows, any differences 
between measured and modeled operations can be attributed to these other factors (Figure 
2.12, Table 2.5 Mean values of measured and modeled annual reservoir metrics and percent 
differences between measured and modeled).  In general, we find that modeled operations 
follow the rule curve more closely than the observed data, which is expected, given the 38 
 
purpose of the model to identify deviations beyond those due to streamflow variability.  As 
suggested by the results of the measured data analysis, we also find that other factors are 
important for minimum outflow and late summer conservation operations. 
For flood control, the model indicates that storage of high flows is controlled by climate, but 
outflow rates may be influenced by operator flexibility. The reservoir model was initially 
calibrated to accurately identify periods of increasing flows and to store flows that occur 
during that time while releasing minimum outflows. Therefore, as we would expect, it 
performs well in simulating flood storage. However, outflow rates do not agree well with 
measured values. During flood control operations, the model calculates that flood stage will 
be exceeded an average of 6 days per year rather than the observed value of one day in the 
historical record, indicating that some other factor is influencing outflows. In the situation 
of flood control operations, operators have the ability to exploit flexibility in controlling 
outflows that the model was not designed to accommodate, which contributes to the 
differences. In the model, during flood control operations water above the minimum 
outflow requirement is only released if the reservoir is full. After flood storage the reservoir 
evacuates as quickly as possible to the rule curve. However, in actuality operators are able 
to choose to release additional flow during flood control operations to prevent releases that 
exceed flood stage if the reservoir fills. The model predicts that the reservoir generally 
should return to the rule curve within 11 days instead of the observed value of 23 days, 
which is much closer to the target.  Operators are also able to release flows more slowly 
than the maximum rate after flood control operations cease to decrease downstream 
impacts.  39 
 
During filling, the measured and modeled operations are generally similar, but modeled 
operations follow the rule curve more closely than the measured operations, indicating that 
both streamflow and other factors affect filling performance. The fill anomaly is one day in 
the model results versus nine in the measured data, but the number of days that daily 
storage changes are not met is relatively similar for measured and modeled operations. 
Together these observations imply that although flow is often not available for meeting 
daily storage change requirements, if all available flow could be used for filling, the 
reservoir could fill by the target date more often. However, operators likely are unable to 
determine and/or make the exact flow changes that would result in more timely filling. 
Operators do not have perfect forecasts of daily inflows, and there are mechanical 
limitations to how quickly and precisely outflows can be changed. Some of the water may 
also be used for downstream uses, as suggested by the finding from the observed data 
analysis that minimum flow requirements are not met most often during the filling season.  
Further examination of minimum outflows shows that other factors may affect attainment 
of the target flows. Because the model prioritizes meeting minimum outflows, the number 
of days that minimum outflows are not met in the modeled operations is very small (1 day 
per year). When outflows are unable to be met by the model, it is because there is a true 
inflow deficit. In contrast, in the measured data, outflows are not met on average 60 days 
per year. Since most of the days when outflows are not met occur during the filling season, 
this implies that there are operator decisions being made to fill the reservoir or store flows 
during floods rather than meet minimum outflows. This is clearly visible when we examine 
operations for a single year, such as 1977, one of the driest years on record. In 1977, flows 
were low through the entire winter and spring and there was not sufficient water to fill, but 40 
 
the reservoir was still filled, presumably because operators chose to fill the reservoir 
instead of meeting minimum outflows. Although operators may choose to not meet 
minimum outflows, the flow deficits that result are smaller in the measured data than in the 
model, implying that operators try to balance the benefits of filling and with the drawbacks 
of not meeting minimum outflows.  
In late summer, the modeled operations generally follow the rule curve more closely than 
measured operations, indicating that other factors besides climate play directly into 
operational variability during this time period. The model predicts that storage on 
September 1st will always be sufficient for recreation, whereas the measured data shows 
two years in which this was not the case. The model also simulates a smaller drawdown 
anomaly than the measured data. Using the model and inflow data we can determine when 
the probability of inflow being insufficient to meet minimum outflows reaches at least 10%.   
Plotting this value versus the drawdown date for each year reveals that 72% of the 
variability in drawdown date can be attributed to insufficient flow. Since drawdown in the 
model only responds to insufficient flow, the large difference between measured and 
modeled drawdown indicates that operations at Cougar are strongly influenced by factors 
other than climate, likely to be related to system-wide operations of the Willamette System. 
Mainstem targets for water quality, navigation, or recreation purposes may need to be met 
earlier than flow targets on the South Fork McKenzie that are only met by Cougar. This 
influence of system-wide requirements is also implied by the number of days that should be 
below the rule curve as simulated by the model versus the actual observed number. In the 
observed data, 81 days on average are below the rule curve, but only 18 are below the rule 
curve in the model. These observations are consistent with a situation in which flow is 41 
 
sufficient for Cougar to meet minimum outflow requirements, but system-wide operations 
and demand for water downstream affect operations at Cougar and lead to earlier and 
faster drawdown.  
2.6  Discussion 
An important finding of this research is that operational objectives are currently achievable, 
despite variability in operations and departures from the rule curve. Throughout the 
historical period, flood control operations have almost always kept reservoir outflows 
below the desired maximum outflow.  Although filling usually occurs late, the reservoir has 
filled in all but 6 years; and although drawdown occurs early, it does not generally impact 
recreation and allows minimum outflows to be met every day during all but the driest year.   
We have also shown that streamflow variability affects operational trajectories. Both 
volume and timing of streamflow are influential. Flood control performance and meeting 
minimum outflows are both correlated with total inflow. Since sufficient water is generally 
available to fill, timing of flows is more important for filling at the specified time. For late 
summer operations, whether or not flow is sufficient to meet minimum outflows is related 
to the start of drawdown. 
Although meeting operational targets and guidelines is a currently achievable goal, because 
reservoir operations are sensitive to streamflow variability, meeting operational targets 
and guidelines may not be achievable in the future. Future climate change is likely to affect 
streamflow magnitude and timing throughout the year. This could lead to conflicts between 
operating objectives and operational performance. Flood control performance depends on 
total inflow on both an annual and seasonal basis.  The historical record shows that the 42 
 
reservoir has been able to reduce outflows to below the maximum desirable outflow, but 
that it tends to spend many days above the rule curve and take more than the target 
number of days to return to the rule curve. Looking to the future when winters may be 
wetter, more inflow may mean more time spent above the rule curve. However, there seems 
to be considerable flexibility for storing flows and making releases to prevent high flows 
downstream, so we cannot yet predict whether outflow targets will be exceeded more often 
in the future. 
Filling performance depends on total inflow and streamflow timing. Filling season inflow in 
years in which the reservoir fills is higher than when the reservoir does not fill.  Years that 
have later CT tend to have more days when daily storage change requirements can be met 
and when storage change requirements are met, filling occurs earlier. Looking forward, 
snowpack changes may shift streamflow timing earlier. Flow volume could be affected by 
snowpack changes and changes in seasonal precipitation. For example, earlier streamflow 
timing could result in releases of inflow that used to be stored, and thus later filling.  Lower 
flow volume during filling could result in more years in which the reservoir does not fill. 
However, there is a high degree of uncertainty in our understanding of how filling 
operations may be affected, because the effect will depend on the magnitude and direction 
of the changes in streamflow. In addition, the decisions of operators to prioritize one 
objective over another also currently influence whether the reservoir fills, and this will 
likely remain true in the future. 
Meeting minimum outflow targets may also be affected by climate change, but the nature of 
the changes is uncertain because of the strong control of operator flexibility on minimum 43 
 
outflows. Meeting minimum outflows depends on total inflow: they are met more often 
when flow volume is higher. Although outflows are met least frequently in the filling season, 
factors other than climate have been most influential in those deviations, so it is unclear 
how climate change may affect future outflows during filling. For high pool, historically the 
number of days that minimum outflows have not been met has been modest.  If summer 
flows are lower in the future, there may also be an increase in the number of days that 
outflows are less than the minimum requirement, but again operator decisions and system-
wide effects will also remain influential. 
Finally, late summer conservation operations are likely to be affected by climate change 
because conservation storage and drawdown depends on total inflow, and the timing of 
insufficient to maintain minimum outflows. In the past, lower  inflow during the high pool 
season has led to early drawdown. As snow decreases, there may be lower total inflows and 
more low flow periods during the late summer, and the day when minimum outflows 
cannot be met by inflows may shift earlier. If this happens, drawdown could occur earlier 
and there may be impacts to recreation. In addition, because of the system-wide factors that 
appear to be causing drawdown to occur earlier than streamflow at Cougar Dam might 
require, late summer storage may be more vulnerable to climate change. 
2.7  Conclusions 
By examining the historical record of reservoir inflows, storage, and outflow for Cougar 
Reservoir, we have demonstrated that streamflow variability is connected to operational 
variability. Inflow magnitude is influential for operations in all seasons and timing is 
influential for filling and drawdown. These connections reveal vulnerability to future 44 
 
climate change if projected changes in streamflow magnitude and timing occur. In the 
future, tradeoffs may need to be made between maintaining reservoir storage for recreation 
and releasing it to augment outflows as water becomes more scarce. Depending on the 
magnitude of the changes, project operators and basin stakeholders may need to make 
difficult decisions about the relative value of flood control, filling, minimum outflows, and 
recreation and trade-offs in meeting multiple operation objectives. However, operational 
flexibility and the ability of operators to make decisions may be able mitigate some of the 
potential impacts, Further, there may also be opportunities to change operating rules to 
reflect changes in streamflow. The planning process for making these types of decisions will 
need to help stakeholders weigh the options for adaptation in light of potential changes. 
One perspective that may be able to aid in this process is an assessment of the risk of 
increased flooding, reduced filling, and impacted conservation storage. Models of future 
climate risk can provide valuable information to stakeholders and decision-makers as they 
weigh options for future reservoir operations.  
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Figure 2.1. Plots showing variability in mean daily reservoir inflow and storage 
versus day of reservoir year (DOrY, November 30=DOrY 1) average in groups divided 
by annual inflow into wet (above 80th percentile), dry (below 20th percentile), and 
average (between 20th and 80th percentile). For reservoir storage, the rule curve is 
also shown. 
 
   48 
 
 
Figure 2.2 Map of Willamette Basin showing the 13 USACE dams in the Willamette 
Basin System and an enlargement of the portion of the McKenzie River Basin 
containing Cougar Dam. 
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Figure 2.3. Cougar water control diagram showing the rule curve, minimum and 
maximum outflow rates, pool elevations and storage volumes, and the reservoir 
seasons used for analysis. 
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Figure 2.4 Map of Cougar Reservoir and surrounding area showing the South Fork 
McKenzie, USGS stream gaging stations, and tributaries that flow directly into the 
reservoir. 
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Figure 2.5 Inflow and outflow data for the second-driest year on record (1977), with 
total annual inflow of 481 MCM. Inflow was very low throughout the low pool (43 
MCM) and filling seasons (157 MCM) with a few storms and snowmelt causing small 
peaks. Filling of the reservoir began late, and operators chose to reduce outflow to 
below the minimum outflow in order to fill the reservoir. Filling occurred 17 days 
late and drawdown occurred 47 days early. High pool season inflow was 123 MCM. 
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Figure 2.6 Inflow and outflow data for the driest year on record (1994). Flows were 
low throughout the low pool (112 MCM) and filling (184 MCM) seasons, but small 
storms allowed filling to begin approximately on time. Minimum outflows dropped 
below the flow specified in the reservoir manual. Late spring and summer inflow was 
not sufficient to fill the reservoir and drawdown began immediately after it reached 
its peak storage. High pool season inflow was 90 MCM. 
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Figure 2.7 Inflow and outflow data for the wettest year on record (1996). Storms 
during the low pool and filling seasons required storage to be above low pool for all 
days during low pool and 99 days during filling. There was ample flow to fill the 
reservoir and full pool was attained 3 days after the start of high pool. Drawdown 
occurred early by 55 days. High pool season inflow was 163 MCM. 
 
   54 
 
 
Figure 2.8. Scatterplots of flood control metrics (a) R1, (b) R7, (c) R6, and (d) R9 
versus total inflow with linear fits. All metrics show positive correlations with total 
inflow and the slope parameters are highly significant. 
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Figure 2.9 Plots showing relationships between streamflow metrics and reservoir 
operation metrics. (a) Boxplot showing difference between inflow volume in fill vs no 
fill years; (b) Scatterplot showing negative correlation between CT and storage 
change and fill anomaly; and (c) Scatterplot showing positive correlation between the 
number of days that flow changes are not met and the fill anomaly. 
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Figure 2.10. Scatterplot showing a decreasing number of days that minimum outflows 
are not met as the total annual inflow increases. 
   57 
 
 
Figure 2.11. Scatterplot showing a decreasing number of days that are below the rule 
curve as total inflow increases during the emptying season, indicating that greater 
inflow leads to fewer deviations from the rule curve. 
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Figure 2.12 Comparison of measured and modeled operations for Cougar Dam. 
Modeled operations agree well with measured operations during low pool and filling, 
but diverge during high pool and emptying, indicating that a factor other than climate 
is influencing operations in those seasons. 
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Table 2.1 Streamflow metrics used in this analysis include general summary statistics 
for inflow as well as metrics for analyzing high flow and low flow periods. They are 
calculated over the entire reservoir year as a whole and for each season within each 
reservoir year. 
Number  Name  Description 
C1  Total Inflow  The sum of daily inflow volumes  
C2  CT   The timing of the center of mass 
(centroid) of daily inflow over the year or 
season 
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Table 2.2 Reservoir metrics used to describe performance in controlling floods, 
maintaining minimum outflows, filling, and meeting conservation objectives. Some 
metrics (anomaly metrics and storage on September 1) are calculated only on an 
annual basis. The rest are calculated on both for each reservoir year as a whole and 
for individual season within each reservoir year.  
Number  Operational 
Objective 
Name  Description  Units 
R1  Flood  Days 10% 
Above 
Number of days more than 10% 
above the rule curve 
Days 
R2  Conservation  Days 10% 
Below 
Number of days more than 10% 
below the rule curve 
Days 
R3  Flood  Days above RC  Number of days at or above the 
rule curve 
Days 
R4  Minimum 
Outflow 
Days 
minimum 
outflows not 
met 
Number of days minimum 
outflows are not met 
Days 
R5  Minimum 
Outflow 
Mean outflow 
deficit 
Mean volume by which  
minimum outflows are not met 
MCM 
R6  Flood  Consecutive 
days above RC 
Maximum consecutive days 
above the rule curve 
Days 
R7  Flood  Max reservoir 
elevation 
Maximum reservoir storage  MCM 
R8  Flood  Days outflow 
is above flood 
stage 
Number of days outflow is 
above maximum recommended 
outflow 
Days 
R9  Flood  Return to RC  Maximum number of days to 
return to the rule curve after 
flood control operations 
Days 
R10  Filling  Fill anomaly  Number of days before or after 
the target fill day of 162 that the 
reservoir fills 
Days 
+/- 
R11  Filling  Days Storage 
change not 
achieved 
Number of days daily storage 
changes described by RC are 
not achieved 
Days 
R12  Conservation  Drawdown 
anomaly 
Number of days before or after 
the target drawdown day of 
DOrY 277  that drawdown 
begins 
Days 
+/- 
R13  Conservation  Days Below 
RC 
Number of days at or below 
rule curve 
Days 
R14  Conservation  Sept 1 Check  Check whether pool elevation 
on September 1 is above boat 
ramp 
True/
False 61 
 
 
Table 2.3 Summary statistics used as descriptors of inflow and streamflow timing. 
The mean and standard deviation over an annual timescale as well as for each season 
are identified. Also identified are the minimum and maximum values for each time 
period and the year(s) in which those values occurred. 
Metric  Season  Average  Standard 
Deviation 
Minimum  Maximum 
Value  Year  Value  Year 
Total 
Inflow 
Annual  744  208  469  1994  1100  1996 
Low Pool  212  100  44  1977  540  1965 
Filling  279  86  157  1977  503  1972 
High Pool  150  56  65  1992  261  1999 
Emptying  103  43  51  1987  198  1996 
Streamflow 
Timing 
(CT) 
Annual  140  30  95  1965  207  1977 
Low Pool  32  7  23  1992  43  1970 
Filling  114  20  101  1968  125  1969 
High Pool  201  32  195  1969, 
1996  213  1987 
Emptying  335  55  324  1993  345  1977 
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Table 2.4 Summary statistics for reservoir metrics calculated using the measured 
storage and outflow data. For each metric, the mean, standard deviation, minimum, 
and maximum values are identified for the relevant operational time period (annual 
or seasonal). For the minima and maxima, the years in which the values occur are 
also identified. 
#  Name  Operation 
Type 
Season  Mean  Std,. 
Dev 
Minimum  Maximum 
Value  Reservoir 
Year  Value  Reservoir 
Year 
R1  10% Above  Flood  Low Pool  30  18  0    63   
R2  10% Below  Conservation  Emptying  61  28  0  1978, 
1964, 
1976  
86  1989 
R3  Above RC  Flood  Low Pool  55  16  9  1977  63  (21/ 37 
years) 
R4  Minimum 
Outflows 
Not Met 
Minimum 
Outflow 
Annual  60  55  0  1984, 
1995, 
1999 
177  1977 
R5  Mean 
outflow 
deficit 
Minimum 
Outflow 
Annual  -0.1  -0.1  -0.01  1976  -0.4  1971 
R6  Consecutive 
days above 
RC 
Flood  Low Pool  50  20  9  1977  63  (21/ 37 
years) 
R7  Max 
reservoir 
elevation 
Flood  Low Pool  109  42  66  1977  236  1965 
R8  Outflow 
above flood 
stage 
Flood  Annual  0  0  0  (36/ 37 
years) 
1  1996 
R9  Return to 
RC 
Flood  Annual  23  14    1964, 
1977, 
1992 
66  1976 
R10  Fill anomaly  Filling  Annual  9  14  -15  1990  57  1964 
R11  Storage 
Change not 
achieved 
Filling  Filling  64  -15  42  1990  90  1978 
R12  Drawdown 
anomaly 
Conservation  Annual  -47  12  -60  1969, 
1970, 
1985, 
1989, 
1999 
-30  1980 
R13  Below RC  Conservation  Emptying  81  16  39  1964  89  1990, 
1989, 
1980, 
1993, 
1967, 
1974, 1965 
R14  Sept 1  Conservation  Annual             
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Table 2.5 Mean values of measured and modeled annual reservoir metrics and 
percent differences between measured and modeled values. 
Metric 
Reservoir 
Operational 
Objective 
Name  Measured  Modeled  % 
Difference 
R1  Flood  Days 10% Above  41  27  -33% 
R2  Conservation  Days 10% Below  117  63  -46% 
R3  Flood  Days above RC  134  81  -39% 
R4  Minimum 
Outflow 
Days minimum 
outflows not met 
60  1  -99% 
R5  Minimum 
Outflow 
Mean outflow 
deficit, MCM 
-0.1  -0.2  102% 
R6  Flood  Consecutive days 
above RC 
65  16  -75% 
R7  Flood  Max reservoir 
elevation, MCM 
233  226  -3% 
R8  Flood  Days outflow is 
above flood stage 
0  6  20250% 
R9  Flood  Return to RC  23  11  -51% 
R10  Filling  Fill anomaly  9  1  -87% 
R11  Filling 
Days Storage 
change not 
achieved 
65  58  -11% 
R12  Conservation  Drawdown 
anomaly 
-47  -40  -17% 
R13  Conservation  Days Below RC  232  152  -35% 
R14  Conservation  Sept 1Check  N/A  N/A  N/A 
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3.1  Abstract 
Climate change is likely to affect the magnitude and timing of streamflow, motivating the 
assessment of potential impacts on dams and reservoirs. Here we examine a case study of 
Cougar Dam, a multipurpose dam in Oregon, USA, to assess potential impacts of future 
climate change on operational performance. Assuming that current operating rules will be 
kept in place, we aim to understand what types of operational impacts may be expected, 
when they may be expected to occur, and whether the operational impacts may necessitate 
changing operational rules. We employ both a traditional climate impacts assessment 
approach to assess changes over time as well as a scenario-neutral approach to generalize 
relationships between streamflow and operations of Cougar Dam. We find that projected 
increases in winter streamflow could result in up to twice the number of downstream high 
flows than in the past and that projected decreases in summer streamflow could result in 
earlier reservoir drawdown by up to 20 days on average. Additionally, filling of the 
reservoir may occur up to 16% more often or 11% less often than in the past, depending on 
spring flow magnitude and timing. We also find that there are strong general relationships 
between total inflow volume and flood control performance, and that there are total inflow 
thresholds for whether or not the reservoir will fill or will be full enough for recreation in 
late summer. We conclude that future modification of operating policies may be warranted, 
but that there will likely be tradeoffs between operating objectives in the future even if 
operating rules are modified. 
3.2  Introduction 
Growing evidence that climate change is affecting streamflow magnitude and timing 
motivates the need to understand how water resources management may need to adapt. In 66 
 
the western US, declines in late season streamflow magnitude (Luce and Holden, 2009; 
Safeeq et al., 2013), altered flood risk(Hamlet and Lettenmaier, 2007), and shifts to earlier 
streamflow timing have been observed (Stewart et al., 2005). As warming continues 
(Bernstein et al., 2007), wetter winters and lower dry season streamflow pose additional 
challenges for both managing floods and meeting municipal and ecological water demands. 
Dams and reservoirs are particularly vulnerable to climate change due to their sensitivity to 
streamflow variability for operation (Danner and Grant, in prep.; Flatt and Tarr, 2011; 
Palmer et al., 2008; Stakhiv and Schilling, 2011). In this study we quantify the potential 
effects of climate change on operational performance of Cougar Dam, a multipurpose dam in 
Oregon, USA, and assess whether changes in operating policies may be necessary.  
A common method of impacts assessment uses projected temperature and precipitation 
scenarios, hydrologic modeling, and reservoir operation simulations to investigate future 
reservoir operations (Christensen et al., 2004; Payne et al., 2004; Tanaka et al., 2006; 
VanRheenen et al., 2011; VanRheenen and Wood, 2004). By modeling reservoir operations 
over historical and future time periods representing average projected conditions for 
various planning horizons (e.g. 2020s, 2040s, 2080s), it is possible to provide an 
assessment of how the operational performance of a reservoir system may change over 
time.   
While the traditional type of study can provide valuable information regarding the types 
and general timelines of changes in streamflow, this approach has several limitations. Small 
streamflow datasets and/or the use of only one or a few climate projections (Christensen et 
al., 2004; Payne et al., 2004; VanRheenen et al., 2011; VanRheenen and Wood, 2004; Vicuna 67 
 
et al., 2007)  and complex reservoir models(Payne et al., 2004; Tanaka et al., 2006; 
VanRheenen and Wood, 2004; Yao and Georgakakos, 2001), can complicate interpretation 
and use of results. In traditional studies, the number of years of input data for a particular 
scenario is generally less than 100, which often means that the operational performance 
must be interpreted in the context of specific sequences of input data. Additionally, although 
there is considerable uncertainty in future changes in precipitation that are critical for 
reservoir impacts, these analyses may rely only on one or a few future climate scenarios and 
therefore the results depend heavily on the specific scenarios used to develop the future 
climate projections. Such studies may quickly become out of date as new projections are 
developed. Complex models may also obscure the overall effects of climate. While complex 
operations models to simulate multiple-reservoir systems, operator decisions, and/or 
modified operating policies can be useful, there may be too many moving parts, making it 
difficult to attribute changes in operations to climate change.  
Alternatives or additions to the traditional approach, including large multi-model 
ensembles, stochastic methods, adjustment of climate scenarios, simple reservoir models, 
and analyses that rely less heavily on particular climate projections address some of these 
issues, but are not yet in common practice for reservoir impacts assessments (Beyene et al., 
2009; Brekke et al., 2009; Brown et al., 2012; Prudhomme et al., 2010; Vano et al., 2010; 
Vicuna et al., 2010). The issue of small datasets can be alleviated through the use of 
stochastic techniques. Stochastic techniques allow large numbers of projections to be 
generated from a few hydrologic model simulations, which increases the number of years of 
data beyond the length of a hydrologic model simulation and introduces additional 
variability in event sequencing. To account for uncertainties in flow volume changes 68 
 
without using additional future climate projections, adjusting an existing streamflow 
dataset can provide a wider range of streamflow projections than that of a single climate 
model. Simple reservoir operations models make investigation of relationships between 
streamflow and operations more straightforward by eliminating the complications of 
multiple reservoirs, operator decisions, and changing operating policies.  A “scenario-
neutral” approach aims to separate impacts assessments from specific climate models or 
scenarios and generalize relationships between climate, hydrology, and reservoir 
operations (Brown et al., 2012; Prudhomme et al., 2010).  
The objective of this study is to investigate how climate change may influence the 
performance of Cougar Dam by applying stochastic hydrology, flow adjustment, and a 
simple reservoir model to produce reservoir operations projections, and using both the 
traditional approach and the scenario-neutral approach assess climate change impacts. 
Assuming that current operating rules are kept in place, we aim to understand what types of 
operational impacts may be expected, when they may be expected to occur, and whether 
the operational impacts may necessitate changing operational rules. We also aim to 
illustrate the differences between the two impacts assessment approaches, as well as how 
they may be used together. 
3.2.1   Study Area and Background Information 
This case study focuses on Cougar Dam, a multipurpose reservoir located on the South Fork 
of the McKenzie River (SF McKenzie).. The McKenzie River, a major tributary to Oregon’s 
Willamette River (Figure 3.1), originates on the western slopes of the Cascade Mountains 
and flows into the Willamette River near Eugene, Oregon. The Cascades have a 69 
 
Mediterranean climate with a strongly seasonal distribution of precipitation that is 
influenced by marine airflow from the Pacific Ocean to the west. The majority of 
precipitation falls between October and May, and the wettest month averages about 10 
times more precipitation than the driest month  (Mote, Parson et al. 2003). Snow is an 
important component of annual precipitation, with about 50-80% of precipitation falling as 
snow and the mix of rain and snow precipitation highly dependent on winter temperatures 
(Nolin and Daly, 2006; Sproles, 2012). This climatic regime results in hydrographs 
characterized by peaks in the fall and winter due to rainstorms and rain-on-snow events, a 
gradual, muted peak in the spring as snowmelt occurs, and a recession to low flows during 
the summer. Streamflow in this basin is measured at a USGS gage located above Cougar 
Reservoir (14159200). 
In the future, temperatures in the Pacific Northwest are predicted to be warmer and the 
seasonal distribution of precipitation and runoff is likely to change. Changes in annual 
precipitation and runoff volumes may also change, but the direction and magnitude of these 
changes is uncertain. Mote and Salathé (2010) found that an ensemble of models projected 
a statistically significant increase in regional mean temperature of 3.4°C by the 2080s and 
no significant change in annual precipitation for the ensemble of models.  However, 
individual models predicted decreases in summer precipitation of as much as -20% to -40% 
and increases in winter precipitation of up to +42%. Elsner et al. (2010) found that a +3.5°C 
increase in temperature and +4.9% increase in precipitation resulted in an annual average 
increase in runoff of +6.2% by the 2080s. Seasonal changes indicated that a +9.6% increase 70 
 
in wet season precipitation and a +3.4°C change in temperature resulted in a +34% change 
in wet season runoff by the 2080s. 
Cougar Dam was completed in 1963 and consists of a 138 m tall rockfill dam with a 25 MW 
powerhouse. At full pool, Cougar Reservoir has a storage capacity of 246 million cubic 
meters (MCM), about one third the average total annual inflow. The project is owned and 
operated by the Portland District of the US Army Corps of Engineers to meet its primary 
authorized purpose of flood damage reduction, as well as irrigation, power generation, 
recreation, navigation, and downstream water quality improvements. It is operated as part 
of the Willamette System of 13 multipurpose dams.  
Operation of the project is guided by a reservoir regulation manual that contains a set of 
operational targets and guidelines that are described by a rule curve and additional 
operating policies (Figure 3.2). The rule curve describes target reservoir elevations and 
rates of change in reservoir storage for each day of the year. Additional rules in the 
reservoir regulation manual specify minimum and maximum outflows, ramping rates, and 
downstream minimum and maximum flow targets. There are also flow targets at 
downstream control points on the mainstem Willamette River that must be met by the 
Willamette System as a whole. Throughout the year, reservoir elevation generally varies 
between low pool at 467 m and high pool at 515 m. The rule curve specifies that low pool 
storage should be maintained in December and January, except when the storage volume is 
being used for flood control. Between February and May, storage is gradually increased as 
operations transition between winter flood control and summer conservation. During this 
period, flood control operations must be balanced with filling of the reservoir. High pool is 71 
 
maintained from May through September, and releases are made to supplement outflows 
and meet mainstem Willamette flow targets. From September through November, water is 
gradually released to reach low pool for flood storage. Flood control operations generally 
begin somewhat before low pool is attained, as fall storms cause increases in flow.  
3.3  Methods 
To examine future reservoir operations under climate change scenarios we generate 
simulated streamflow and reservoir operations projections for the historical period and 
three future time periods. Then we utilize two approaches for assessing climate change 
impacts. First, we follow the traditional approach of assessing changes over time for future 
streamflow scenarios. We examine changes in reservoir operations by looking at differences 
in the mean values of metrics measuring operational performance. Second, the scenario-
neutral approach avoids many of the issues with uncertainty in climate projections by 
lumping the time periods together to focus on generalizable relationships between 
streamflow and operations rather than time. This approach is based on the approaches 
described by Prudhomme et al. (2010) and Brown et al. ( 2012).  
3.3.1  Input Streamflow Preparation and Bias Correction 
We utilize daily streamflow projections from the Columbia Basin Climate Change Scenarios 
Project (CBCCSP) that were simulated with a hydrologic model driven by climate 
projections from downscaled GCM results (Hamlet et al., 2010; Columbia Basin Climate 
Change Scenarios Project Dataset). The CBCCSP dataset was developed specifically for 
climate impacts studies in the Pacific Northwest and contains daily projections of 
hydrologic variables modeled with the Variable Infiltration Capacity (VIC) model for two 72 
 
emissions scenarios (SRES A1B and B1), 10 climate models, and three downscaling 
procedures. The spatial resolution of the data is 1/16 degree (or about 6 km by 6 km), and 
the SF McKenzie basin was represented by portions of 12 grid cells.  
We selected the Hybrid Delta downscaling method, the SRES A1B emissions scenario, and 
the CGCM3.1(T47) (CGCM) climate model for this study.  The Hybrid Delta method was 
developed specifically to provide realistic daily projections for impacts studies (Hamlet et 
al., 2010). It produces 92-year long daily streamflow projections for four time periods. The 
climatic conditions for each period represent 30-year average conditions within each 
period: 1915 to 2006 (historical); 2010 to 2039 (2020s), 2040-2059 (2040s), and 2070-
2099 (2080s) and each year is a realization of the average climate for that time period. 
CGCM was one of five GCMs that performed best in the Pacific Northwest, based on 
combined bias and North Pacific variability metrics (Hamlet et al., 2010). The A1B 
emissions scenario is a medium emissions scenario that produces more extreme changes in 
temperature and precipitation than the other available option (Hamlet et al., 2010). For 
simplicity we selected a single climate model and emissions scenario, but additional range 
in projections could be introduced by including multiple models and/or emissions 
scenarios. 
Compared with runoff values reported in the literature and values from the other four 
“best” climate models, the selected projections exhibit somewhat higher changes in runoff. 
The CGCM winter increase of +49% is larger than the wet season increase of 34% for 
Washington State modeled by  Elsner et al.( 2010) and larger than Jung and Chang’s (2011) 
winter increase of 10% to 30% for the entire Willamette Basin. However, these studies 73 
 
examined larger areas with more variability in topography, geology, and other landscape 
characteristics than the SF McKenzie Basin, which likely contributes to some of the 
difference. When compared with the four other “best” models, GCGM generally produces 
somewhat higher changes in runoff, illustrating the limitations of using a single climate 
model (Table 3.1).  
After obtaining and validating the gridded projections from the hydrologic model, we 
performed runoff routing to obtain streamflow time series at the location of the streamflow 
gage above Cougar Reservoir. We used the unit hydrograph method (Lohmann et al., 1996) 
with daily runoff and baseflow projections for the 12 grid cells that made up the drainage 
area to obtain the simulated daily streamflow. 
Next we corrected systematic bias in the projections using a quantile mapping bias 
correction technique (Piani et al., 2010). Since flow at the location of the USGS gage does not 
include flow from the small tributaries that enter the reservoir below the gage (Figure 3.1), 
the modeled streamflow at the location of the gage consistently underestimated actual 
inflow to the reservoir by approximately -21%.  Monthly errors were as great as -74% 
(August), and the months with the largest errors were July, August, and September (Table 
3.2). The quantile mapping technique modifies the distribution of the modeled flows to 
more closely match the distribution of the measured flows. We developed the bias 
correction parameters using a dataset of historical measured flows  (Danner and Grant, in 
prep.) and modeled reservoir inflow. We divided the flows by month, ordered measured 
and modeled flows from smallest to largest, and then plotted measured versus modeled 
flows. Then we fit a second-order linear model that was robust to outliers (R MASS 74 
 
Package) to the reordered data and record the coefficients. To produce correction 
parameter values that vary smoothly between months, we used linear interpolation 
between the monthly parameter values, resulting in a set of daily parameter values. Finally 
we applied these daily parameter values to the uncorrected data to obtain corrected time 
series of streamflow for each of the four time periods. After bias correction, the resultant 
bias-corrected historical time series differed from the observed time series by +4.8%.The 
maximum monthly error was +15% (October) and the largest errors occurred in October, 
November, and December. This means that the fall/winter months in our bias-corrected 
data may be slightly wetter than they should be. Although this error could influence the 
relative precision of values of future reservoir performance, we do not believe that this type 
of error will affect the overall conclusions. In fact, having wet winter scenarios provides an 
opportunity to assess how large increases in runoff may affect flood control operations. 
3.3.2  Streamflow Scenario Development 
We implemented a stochastic streamflow generation model to develop simulated 
streamflow sequences based on the bias corrected streamflow projections. The goal was to 
generate daily flow sequences that were 1) indistinguishable from actual flows in their 
statistical properties, and 2) more representative of the expected year to year variability 
than a single record. We adapted a monthly stochastic method described by Srinivas and 
Srinivasan (2001) to produce daily stochastic flows. This method is a hybrid stochastic 
technique that combines bootstrapping with time series modeling to maintain the benefits 
of both parametric and nonparametric stochastic simulation methods (Lall and Sharma, 
1996; Sharma and Tarboton, 1997; Vogel and Shallcross, 1996).  75 
 
The method produces a synthetic record of daily streamflow through several modeling 
steps: 1) modeling and removing the mean and seasonality in the daily flows; 2) modeling 
and removing correlation in the daily flows; 3) generating synthetic residuals by 
bootstrapping; and 4) adding back the correlation, seasonality, and mean. We standardized 
the daily flows by taking the logarithm of the flows, and then modeling the mean and 
standard deviation with a loess (local regression smoothing) fit. We prewhitened the data to 
remove autocorrelation using a periodic autoregressive (PAR(1)) model. This model is an 
extension of the typical AR model in which the autoregressive coefficient is allowed to vary 
over time in a periodic manner. To model the time-varying autoregressive coefficient we 
used a combination of three sine and cosine terms (Equation 3.1), as described by Jones and 
Brelsford (1967).  
𝑥(𝑡) =
[𝑐0 + 𝑐1sin  (
2𝜋(𝑡 − 1)
𝑇
) + 𝑑1cos  (
2𝜋(𝑡 − 1)
𝑇
)
      +𝑐2sin  (
4𝜋(𝑡 − 1)
𝑇
) + 𝑑2cos  (
4𝜋(𝑡 − 1)
𝑇
)
                                   +𝑐3sin  (
6𝜋(𝑡 − 1)
𝑇
+ 𝑑3cos  (
6𝜋(𝑡 − 1)
𝑇
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Equation 3.1 PAR(1) model with autoregressive coefficient modeled with 3 pairs of 
sine and cosine terms. x is the standardized flow, c0 through c3 and d1 through d3 are 
regression parameters; t is time, and T is the period of the sine and cosine terms. 
 
After prewhitening, the PAR(1) residuals were resampled using a moving block bootstrap 
method in blocks of 1 year to create a new series of residuals. The new residuals were then 
postblackened by reversing steps 1 and 2 and the result was a set of 1000 years of synthetic 
flow sequences that represent a scenario of future reservoir inflows for each time period.  76 
 
In order to ensure that the statistical properties of the flows were maintained by the 
stochastic model, we compared the statistics of the synthetic flow sequences to the statistics 
of the routed streamflow projections. The stochastic model produced synthetic streamflow 
sequences that have approximately the same statistical properties as the bias-corrected 
flow sequences used to develop them; for a 100-year simulation using measured historical 
data there was a 0% difference between annual mean and a -4% difference in annual 
standard deviation. Monthly errors ranged between -3% and +9% for the mean and 
between -8% and +16% for the standard deviation, showing that there is close agreement 
between the measured and simulated time series.  
After generating the synthetic sequences, we duplicated and adjusted the sequences to 
create an additional flow scenario with lower spring flows than the scenario from the CGCM 
projections. The adjusted flow scenario is identified as the “dry spring scenario” and the 
unadjusted CGCM stochastic projection is the “wet spring scenario.” Multiplicative factors 
were chosen to create a scenario in which the increase in future spring streamflow volume 
would be smaller than the increase projected by CGCM while including the timing shift from 
CGCM. We specified a factor of 1.3 for March 15th to April 15th so that wet spring 
(unadjusted) scenario flows would be 30% higher than dry spring (adjusted) flows, and we 
specified a factor of 1 (no change) between May 15 and February 15. Instead of a simple 
step change between the multiplicative adjustment (factor = 1.3) and no adjustment (factor 
= 1), we used linear interpolation between factors to create gradually-changing adjustment 
factors for each day between February 15 to March 15 and April 15 to May 15. Comparing 
the wet and dry spring scenarios to the historical flows, spring flow changes are greater for 
the wet spring scenario than for the dry spring scenario (Table 3.3, Figure 3.3). March flows 77 
 
in the wet spring scenario are about 55% larger by 2080 than in the historical record and 
April flows are 15% higher. In the dry spring scenario, March flows are 23% higher and 
April flows are 8% lower. Changes in February and May flows are small because the 
adjustment factors are meant to blend the step change for March and April into the 
unchanged projections for the rest of the year.  
3.3.3  Reservoir Modeling 
We simulated reservoir operations at Cougar Reservoir for both the wet spring and dry 
spring scenarios and each time period. The reservoir model used in this study was 
developed and validated in a previous study of Cougar Dam (Danner and Grant, in prep.). 
The model runs on a daily timestep using reservoir inflow to calculate reservoir storage and 
outflow. It is based on the operating policies described in the Cougar Reservoir Regulation 
Manual (US Army Corps of Engineers, 1964), which specify targets for how the dam should 
be operated to achieve its primary purpose of flood control, as well as filling and emptying 
for conservation uses such as recreation and meeting minimum downstream flow 
requirements. The model includes daily storage volume targets, minimum and maximum 
outflow requirements, and dates for beginning filling and drawdown. Although in practice 
Cougar Dam is operated in concert with the other 12 dams in the Willamette System, the 
model does not include any effects of other dams in the system or regulation due to 
constraints at downstream control points. It also does not include ramping rates (rates of 
flow increase or decrease) since these rules are specified on an hourly timestep and cannot 
be effectively modeled on a daily scale. Running the reservoir model produces simulated 
daily reservoir storage volume, storage change, and outflow values. After running each 78 
 
scenario and time period we compiled the results to obtain daily time series of inflow, 
reservoir storage, and outflow for each scenario to use in the risk analysis.  
3.3.4  Streamflow and Reservoir Operations Data Analysis 
For analysis purposes we defined a reservoir year and reservoir seasons. The reservoir year 
begins on November 30th and is divided into four seasons based on the shape of the rule 
curve. The low pool season runs from November 30th to January 31st and is the period 
during which the rule curve specifies a constant elevation at 467 m. The filling season runs 
from February 1st to May 7th and is the period when the reservoir elevation changes are 
positive. The high pool season runs from May 8th to August 31st and corresponds to when 
the rule curve specifies that the reservoir should be held at maximum conservation pool. 
The emptying season runs from September 1st to November 29th and is when the reservoir 
empties from maximum conservation pool to flood control pool. We also define the day of 
the reservoir year (DOrY) to start at 1 on November 30th.  
A set of quantitative metrics summarizes reservoir inflows and operations for each year and 
season (Table 3.4). The metrics are divided into two groups: metrics that describe 
characteristics of the streamflow regime and metrics that describe reservoir performance. 
Streamflow metrics are calculated using the daily inflow data and reservoir metrics are 
calculated using the daily reservoir storage and outflow data. The metrics are calculated on 
both an annual and seasonal basis for each year. Streamflow metrics include total inflow 
and the timing of the center of mass of daily inflow (CT). Reservoir metrics can be further 
divided into three groups by the operational objective that they measure: flood control, 
filling, and conservation. Metrics related to flood control measure flood control storage in 79 
 
the reservoir and outflow rates below the reservoir. Filling performance metrics measure 
timing and consistency of filling. Conservation performance metrics quantify fulfillment of 
minimum outflow requirements, timing of drawdown, length of time the reservoir spends 
below the rule curve, and impacts to recreation.  
3.3.5  Traditional Impacts Assessment 
Consistent with traditional impacts assessments, we use the streamflow and reservoir 
metrics to examine projected changes in streamflow and reservoir operations in the future. 
Keeping the reservoir metrics separated by scenario (wet spring, dry spring) and time 
period (historical, 2020s, 2040s, 2080s), we examine absolute and percent changes in the 
mean of reservoir metrics. We use one-way ANOVA to determine if significant differences 
exist between metrics in the time periods and scenarios. A p-value less than 0.05 indicates 
that there is evidence of difference in mean between time periods and/or scenarios.  
3.3.6  Scenario-Neutral Impacts Assessment 
For the scenario-neutral impacts assessment, we disregard the differences between time 
periods and scenarios and lump all model results together. Then we generate scatterplots of 
climate metrics versus reservoir metrics to explore generalized relationships between 
streamflow and reservoir performance. We explore linear relationships and threshold 
effects. We consider a linear relationship with R2 greater than 0.3 and p-value less than 0.01 
for the slope coefficient to indicate significant correlation between a streamflow metric and 
a reservoir metric. Threshold relationships are identified by inspection of the plots. 
   80 
 
 
3.4  Results 
The traditional impacts assessment approach reveals that changes in climate result in 
changes in reservoir operational performance. The scenario-neutral approach evaluates 
sensitivity of reservoir performance to streamflow and suggests that linear relationships 
between streamflow and flood control metrics and threshold relationships between 
streamflow and filling, minimum outflow, and conservation metrics could be used to predict 
operational performance of Cougar Reservoir for climate scenarios that were not used in 
the analysis. 
3.4.1  Traditional Impacts Assessment Approach 
Analysis of each streamflow scenario for each time period reveals potential future changes 
in streamflow magnitude and timing for the SF McKenzie (Tables 3.5 and 3.6, Figures 3.4 
and 3.5). Annually, total inflow may increase over time by 4% to 30% and the CT may shift 
earlier by 15 days. Seasonally, total inflow increases over time during the low pool and 
filling seasons, but decreases over time during the high pool season. Low pool total inflow 
increases may be as great as 53%, filling increases may be as great as 30% to 49% 
depending on the spring scenario, and emptying increases may be as great as 36%.  High 
pool total inflow decreases may be as much as 37% to 39%. CT may shift up to six to eight 
days earlier during the filling season, depending on the spring scenario, but is not likely to 
change considerably in other seasons. Overall, changes in total inflow are larger for the wet 
spring scenario than for the dry spring scenario and changes in CT are larger for the dry 
spring scenario than for the wet spring scenario. 81 
 
Comparing the values of flood control metrics over time reveals that reservoir storage 
volume may be used more often in the future and that there may be more outflows that 
exceed the recommended maximum outflow (Table 3.7, Figure 3.6). In the future, reservoir 
storage during the low pool season may be above the target low pool storage volume as 
many as 84% more days and maximum reservoir storage may increase by as much as 25%. 
It make take up to 70% more time for the reservoir to return to the rule curve after a flood 
and there may be twice as many days per year of higher than recommended outflows. The 
largest shifts in flood control performance seem to occur by the 2020s, with a gradual 
change thereafter.  
Reservoir filling performance, including whether or not the reservoir fills, the timing of 
filling, and how consistently filling occurs each day, depends on the spring inflow scenario. 
In the historical period the reservoir fills about 78% of the time. In the future, this 
percentage may either increase or decrease depending on the time period and streamflow 
scenario (Table 3.8, Figure 3.7). In the dry spring scenario, the filling rate drops to 70% in 
the 2020s, to 69% in the 2040s, and to 66% for the 2080s. In the wet spring scenario the 
rate of filling increases to 87% in the 2020s, then decreases to 84% in the 2040s and 82% in 
the 2080s. In years that the reservoir fills, timing of filling is another measure of 
performance (Figure 3.7a). In the historical period, filling occurs an average of seven days 
late relative to the fill target specified by the rule curve. In the future, fill timing may change, 
but the direction of the change is not consistent over time or between scenarios. For the dry 
spring scenario the fill anomaly increases from seven days to 13 days in the 2020s, but then 
decreases to eight days in the 2040s and to six days in the 2080s. For the wet spring 
scenario the fill anomaly first increases to nine days in the 2020s, then decreases to two 82 
 
days in the 2040s, then increases to four days in the 2080s. Since filling season inflow 
consistently increases over time and center of timing consistently shifts earlier, the 
inconsistent direction of the changes in fill timing may indicate that there is a threshold or 
nonlinear relationship between total inflow and CT and fill timing. The direction of change 
in the number of days that daily storage changes are not met also depends on the 
streamflow scenario (Figure 3.7b). For the wet spring scenario, daily storage changes are 
met more often than in the historical period. However, for the dry spring scenario, they are 
met about the same number of days. Similar to the flood control metrics, the majority of the 
shift for the wet spring scenario happens by the 2020s and values for the 2040s and 2080s 
are very similar to values for the 2020s. 
During summer and fall, when conservation operations are important, our results indicate 
that there will likely be little change in the number of days that minimum outflows are met 
(Table 3.9, Figure 3.8) in the future. There is some evidence of a difference in mean outflow 
deficit volume, but the direction of the change depends on the scenario. The magnitude of 
the deficit change is also small (between 0.01 and 0.04 MCM) so the actual impact of any 
change is likely to be small. In the future, there may be changes in when reservoir 
drawdown begins, the number of days that the reservoir is below the rule curve, and 
whether the reservoir storage is sufficient for recreation. The start of reservoir drawdown 
shifts earlier in both scenarios. The historical anomaly is 35 days early, and future 
anomalies range between 50 and 70 days early for both scenarios. There is also some 
evidence of a change in the number of days spent below the rule curve, but the maximum 
mean change by the 2080s is only five days more than in the historical period. 83 
 
3.4.2  Climate Change Impacts: Scenario-Neutral Risk Assessment 
Instead of looking at changes in reservoir metrics over time, we also lumped all the time 
periods together to examine relationships between reservoir metrics and streamflow 
characteristics (Table 3.10). Flood control metrics are strongly correlated with low pool 
inflow, with R2 values between 0.49 and 0.87 (Figure 3.9). The values of all flood control 
metrics increase with increasing low pool inflow. The strongest correlation is between total 
low pool inflow and the number of days outflow is above flood stage. For filling 
performance, there appears to be a threshold effect of total filling season inflow (Figure 
3.10). Above approximately 500 MCM of total filling season inflow there are no years when 
the reservoir does not fill.  For fill anomaly, between a threshold of 300 to 400 MCM, the fill 
anomaly reaches zero. The number of days storage change is not achieved appears to level 
out to a value of approximately 50 days around 400 MCM. There may also be a threshold 
effect of CT for filling. Above a CT of about 120 days, there are no years that the reservoir 
does not fill. There also appears to be a threshold relationship between total inflow and the 
number of days that minimum outflows are not met (Figure 3.11). For example, minimum 
outflows are not met at most 4 days when total inflow is 1200 MCM or more. Late summer 
conservation performance is related to total inflow during the high pool season. Drawdown 
begins earlier in years with lower high pool inflow (R2 = 0.45) (Figure 3.12a). There also 
appears to be a threshold for late summer conservation performance at 100 MCM of high 
pool inflow (Figure 3.12b). The number of days at or below the rule curve and the number 
of days more than 10% below the rule curve level off above 100 MCM (Figure 3.12c). 
Checking whether pool elevation on September 1 is high enough for accessing the boat 84 
 
ramps, we observe that above about 100 MCM of inflow there is always enough water 
(Figure 3.12d).  
3.5  Discussion 
The traditional impacts assessment and scenario-neutral impacts assessment offer 
complementary information about future reservoir operations. The traditional climate 
impacts approach provides information about the types and timing of changes in 
streamflow and operational performance of Cougar Reservoir that may occur in the future. 
Because of the time component of the traditional approach, it may be particularly valuable 
in the process of determining when current operating policies may be expected to require 
changes. The traditional approach also produces the types of results that those who assess 
climate change impacts are accustomed to seeing. The scenario-neutral approach provides 
information on sensitivity to climatic variables and enables the use of generalized 
relationships between climate and operations to project climate impacts with other sets of 
projections The information contained in the generalized relationships can be quite useful 
for decision-makers who seek a general sense for how reservoir operations may change if 
inflow changes. It may also provide a quick estimate of future operational performance 
under a variety of streamflow conditions, which could be used to justify more intensive 
modeling. The scenario-neutral approach also may provide a better sense of risk for 
managers and planners accustomed to using risk-based decision-making processes. Both 
approaches provide information to managers and planners about future impacts, and can be 
implemented concurrently. In future impacts studies, use of both techniques will likely be 
valuable, instead of use of the traditional approach alone.  85 
 
Taken together, the results of both the traditional approach and the scenario-neutral 
approach provide indications that there are likely to be changes in the operational 
performance of Cougar Dam in the future. As evidenced by the strong linear relationships 
between total inflow and flood control performance, increasing inflow in the low pool 
season, as well as in the shoulders of the flood control period that extend into the emptying 
and filling seasons, will lead to potentially more frequent high flows downstream of the 
dam, mainly by the 2020s. It also may result in greater use of the reservoir for flood storage, 
again by the 2020s. More frequent use of the reservoir is not in itself a decrease in 
performance. However, it is an indicator that operators may have less flexibility to store 
incoming high flows if higher inflow requires the reservoir to be partially full more 
frequently than in the historical climate. Although the traditional impacts assessment 
approach indicates that most changes in flood control performance will occur by the 2020s, 
this result is from only a single climate model projection, and other climate models may 
produce different results. Dealing with this type of uncertainty is the strength of the 
scenario-neutral approach. Based on the linear relationships between total inflow and flood 
control performance, if winter runoff increases by 30% from an average historical value of 
200 MCM to a future value of 260 MCM, the number of days that outflows will be above 
flood stage is likely to increase from approximately four to seven.  
For the filling season, the differences in filling performance between the dry and wet spring 
scenarios along with the generalized relationships between filling metrics and inflow 
indicate that reducing uncertainty in spring inflow is critical for understanding future filling 
performance. Spring inflow magnitude and timing influence whether and when the 
reservoir fills, but because there is uncertainty in how spring inflow will change in the 86 
 
future, we cannot determine what the resulting changes in filling performance will be. If the 
projected increases in winter flows extend into the spring, then filling may occur more often 
and closer to the target date. Conversely, if snowmelt occurs earlier, but there is no increase 
in spring rainfall to offset the earlier snowmelt timing, the reservoir may fill less often and 
later. Based on the scenario-neutral analysis, a threshold spring inflow volume of 500 MCM 
is required to fill. As the larger future filling percentage from the wet spring scenario 
indicates, CGCM supports a conclusion that filling will occur more often in the future. 
However, before relying on this conclusion of higher fill percentages in the future, it will be 
important to consider other future streamflow projections for this basin.  
For conservation objectives, the number of days when minimum outflows are not met is not 
likely to change, but the magnitude of the deficit may increase, likely due to the connection 
between outflow deficit and inflow volume. Drawdown may occur earlier and more days 
may be spent below the rule curve, again because of flow volume.  
Based on the likely changes in operational performance the operational policies of Cougar 
Dam  may need to be modified in the future and the changes will likely require tradeoffs 
between operational objectives. The greatest challenges for adaptation are likely to involve 
conflicts between filling and flood control and between recreation and downstream 
conservation uses. If operational policies remain the same and filling season inflow 
increases, the reservoir may fill more often but there also may be greater chances of a flood 
occurring when the reservoir does not have enough available storage volume to fully reduce 
outflows. This may motivate more conservative filling practices, such as keeping the 
reservoir at low pool longer and shifting filling later. However, the likely shift to earlier 87 
 
streamflow timing and less snowmelt coupled with a later filling period could then result in 
lower chances of filling the reservoir. In contrast, if springs are drier than they have 
historically been, another potential change to operating policies would shift the timing of 
filling earlier to take advantage of late winter storms. However, this change in operations 
could also conflict with flood control operations. The late winter storms that would be used 
to fill the reservoir could also lead to higher flows downstream if large storms cannot be 
fully controlled when storage volume is limited by earlier filling. In late summer, recreation 
may be the most impacted conservation objective. Maintaining minimum flows downstream 
for environmental and water quality reasons will likely continue to take precedent over 
recreation in the future. This will cause earlier drawdown and result in more limited 
recreation opportunities in the late summer. A change to operating policies is unlikely to be 
implemented to resolve this tradeoff. The current minimum outflows were determined by 
the 2008 Willamette Biological Opinion, which requires a variety of measures for the 
protection of threatened salmon species in the Willamette Basin (National Marine Fisheries 
Service, 2008).  Because of the Biological Opinion, reducing minimum flow requirements is 
highly unlikely and therefore early drawdown cannot be reduced by changes in operating 
policies. A possible policy change would be to redefine the drawdown target and rate to 
more closely match past observations and future projections. However, this change would 
only redefine performance, and would likely not have any tangible effect on operations 
3.6  Conclusions 
Future climate change is anticipated to affect the magnitude and timing of streamflow, 
which will impact operational performance of dams and reservoirs. We have implemented 
two complementary approaches to assess the impacts of climate change on operational 88 
 
performance for Cougar Dam to determine what types of changes in operational 
performance may be expected, when the changes may be expected to occur, and what types 
of operational policy adaptations may be needed to mitigate the effects of climate change.  
We conclude that operational performance of Cougar Dam may decrease for flood control 
and conservation release objectives and may increase or decrease for filling objectives. 
Future increases in inflow are likely to result in outflows that are larger than the 
recommended outflow rate to reduce flood damages. Filling may occur more or less often 
and earlier or later than it has historically, depending on filling season inflow changes. 
Large increases in filling season flow may increase the probability of filling the reservoir, 
while smaller increases will likely maintain or decrease filling probability. Downstream 
conservation uses of the stored water in the reservoir for meeting minimum outflows will 
likely result in earlier drawdown of the reservoir, reducing recreation opportunities in the 
reservoir. According to the CGCM climate projections, operational performance changes are 
likely to occur mainly by the 2020s, with smaller changes thereafter 
Our analysis has also demonstrated that uncertainty in climate projections is a limitation of 
traditional types of impacts studies, but that scenario-neutral approaches can provide 
further information. It may be tempting to plan for the future based on the magnitude and 
timing relying on the traditional approach alone. However, climate projections other than 
the CGCM projection used in this study may produce different future operational 
performance, motivating the use of the generalized relationships between streamflow and 
reservoir performance. Streamflow magnitude changes could be larger or smaller in other 
climate projections, and timing shifts may be more or less drastic. The generalized linear 89 
 
and threshold relationships we have developed would need further verification for 
application to reservoir planning, but they can provide estimates of future operations and 
sensitivity to a wide range of streamflow changes. 
Finally, we conclude that there may be changes to filling policies that have the potential to 
mitigate some of the performance impacts of climate change, but that these changes will 
likely involve tradeoffs between operational objectives. Shifting when the reservoir begins 
to fill to an earlier date may impact flood control performance, while shifting it later may 
impact conservation storage volume. Changes in minimum outflow and drawdown policies 
are unlikely to affect operational performance. 
The types of changes in operations that may be required to manage changes that result from 
altered future climate could affect all 13 dams in the Willamette Basin. Although there are 
climatic and geological differences between each of these projects, this study of Cougar Dam 
provides valuable information about the types of impacts to this system that may be 
expected in the future. Future studies of other dams and of the 13 dams as a system will 
provide further information for planning climate change adaptations. 
This study also demonstrates an approach to climate impacts assessment that could be 
applied to other reservoirs around the world. The two complementary approaches to 
impacts assessment can be applied concurrently to provide a variety of information types, 
including types and timing of projected changes in operational performance, drivers of 
operational changes, and generalized relationships that can be applied to other climate 
projections for a given study area.  90 
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Figure 3.1. Map of a portion of the McKenzie River basin showing Cougar Dam, Cougar 
Reservoir, streamflow gaging stations, and tributaries flowing directly into Cougar 
Reservoir.  
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Figure 3.2. Cougar water control diagram showing the rule curve, minimum and 
maximum outflow rates, pool elevations and storage volumes, and the reservoir 
seasons used for analysis. 
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Figure 3.3. Wet spring and dry spring scenario inflows for the 2020s, 2040s, and 
2080s with reference historical inflows. Wet spring scenario flows (from VIC output 
with CGCM climate model) were adjusted to be 30% lower between February 15th and 
May 15th to create the dry spring scenario flows. 
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Figure 3.4 Boxplots show changes in (a) total annual inflow and (b) CT over four time 
periods (historical, 2020s, 2040s, and 2080s)  and 3 scenarios (historical, wet spring 
and dry spring). The line inside the box represents the median value, the box itself 
represents the interquartile range IQR (25th–75th percentile range), the whiskers are 
the lowest and highest value that is within 1.5 · IQR of the 25th and 75th percentiles, 
and the dots are values outside 1.5· IQR. 
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Figure 3.5. Boxplots showing changes in (a) filling total inflow, (b) high pool total 
inflow, (c) filling CT and (d) high pool CT. Changes are plotted over four time periods 
(historical, 2020s, 2040s, and 2080s)  and 3 scenarios (historical, wet spring and dry 
spring). Over time, filling inflow is larger and CT shifts earlier while high pool inflow 
is smaller and CT shifts later. The line inside the box represents the median value, the 
box itself represents the interquartile range IQR (25th–75th percentile range), the 
whiskers are the lowest and highest value that is within 1.5 · IQR of the 25th and 75th 
percentiles, and the dots are values outside 1.5· IQR. 
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Figure 3.6. Boxplots showing changes in low pool reservoir metrics over 4 time 
periods (historical, 2020s, 2040s, and 2080s) and 3 scenarios (historical, wet spring 
and dry spring). Shown are (a) R1, number of days more than 10% above the rule 
curve, (b) R3, number of days at or above the rule curve, (c) R6, maximum 
consecutive days above the rule curve, (d) R7, maximum reservoir storage, (e) R8, 
number of days outflow is above flood stage, and (f) R9, maximum number of days to 
return to rule curve after flood control operations. Metrics values generally increase 
between historical and 2020s, then level off in the 2040s and 2080s. The line inside 
the box represents the median value, the box itself represents the interquartile range 
IQR (25th–75th percentile range), the whiskers are the lowest and highest value that is 
within 1.5 · IQR of the 25th and 75th percentiles, and the dots are values outside 1.5· 
IQR. 
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Figure 3.7. Boxplots show changes in filling reservoir metrics over 4 time periods 
(historical, 2020s, 2040s, and 2080s) and 3 scenarios (historical, wet spring and dry 
spring). Shown are (a) R10, annual fill anomaly,  and (b) R11, filling season number of 
days daily storage changes are not achieved. The direction of the change depends on 
the scenario. The line inside the box represents the median value, the box itself 
represents the interquartile range IQR (25th–75th percentile range), the whiskers are 
the lowest and highest value that is within 1.5 · IQR of the 25th and 75th percentiles, 
and the dots are values outside 1.5· IQR. 
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Figure 3.8 Boxplots showing changes in conservation metrics over 4 time periods 
(historical, 2020s, 2040s, and 2080s) and 3 scenarios (historical, wet spring and dry 
spring). Shown are (a) R4, annual number of days minimum outflows are not met, (b) 
R5, annual mean outflow deficit, (c) R12, annual drawdown anomaly, (d) R13, 
emptying season number of days at or below the rule curve. The line inside the box 
represents the median value, the box itself represents the interquartile range IQR 
(25th–75th percentile range), the whiskers are the lowest and highest value that is 
within 1.5 · IQR of the 25th and 75th percentiles, and the dots are values outside 1.5· 
IQR. 
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Figure 3.9 Scatterplots showing flood control reservoir metric relationships with low 
pool total inflow. Shown are (a) R1, number of days more than 10% above the rule 
curve, (b) R3, number of days at or above the rule curve, (c) R6, maximum 
consecutive days above the rule curve, (d) R7, maximum reservoir storage, (e) R8, 
number of days outflow is above flood stage, and (f) R9, maximum number of days to 
return to rule curve after flood control operations. Red lines are linear regression 
lines. R2 is the R2 value for the line, m is the slope of the line, and P is the p-value for 
the slope coefficient. 
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Figure 3.10 Scatterplots showing reservoir filling metric relationships with total 
filling season inflow. Shown are (a) R10, annual fill anomaly, (b) R11 filling number 
of days daily storage changes are not achieved, and (c) whether or not the reservoir 
fills. Blue lines are loess (local regression) smooths.   
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(b) 105 
 
 
 
Figure 3.11. Scatterplot showing minimum outflow metric R4, number of days 
minimum outflow are not met, versus total annual inflow. Crosses represent 
maximum values for each value of R4 and dots are other data points. The crosses 
approximate the inflow threshold for meeting minimum outflows on a specific 
number of days each year. 
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Figure 3.12. Scatterplots showing reservoir emptying metric relationships with high 
pool total inflow. Shown are (a) R12, annual drawdown anomaly, (b) R2, filling 
number of days more than 10% below the rule curve, (c) R13, emptying number of 
days at or below rule curve, and (d) R14, whether pool is above the boat ramp on 
September 1. Blue lines are loess (local regression) smooths. R2 is the R2 value for the 
line, m is the slope of the line, and P is the p-value for the slope coefficient. Blue lines 
are loess (local regression) smooths. 
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Table 3.1 Percent changes in runoff relative to historical for the 12 grid cells 
overlapping the South Fork McKenzie basin over 4 time periods modeled using the 
CGCM3.1(T47) global climate model and averaged over all 5 “best” models from the 
CBCCS project for the 2080s. CGCM has the most annual, DJF, and SON runoff, and the 
least spring (MAM) runoff of all 5 models for the 2080s. 
    CGCM 
2020s 
% 
Change 
CGCM 
2040s 
% 
Change 
CGCM 
2080s 
% 
Change 
2080s % change from 5 best models 
Average  Min  Max 
Runoff  Annual  3%  5%  8%  -6%  -16%  8% 
  DJF  11%  17%  31%  12%  -1%  31% 
  MAM  -30%  -43%  -74%  -70%  -74%  -60% 
  JJA  6%  4%  -9%  -12%  -18%  -5% 
  SON  -2%  9%  36%  2%  -15%  36% 
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Table 3.2 Percent difference between projected streamflow before and after bias 
correction. Comparison of before and after differences from historical show that bias 
correction reduces the difference, although it may overcorrect for months 10-12 
(October, November, and December). 
Month  % Difference from 
Historical 
  
Before 
Bias 
Correction 
After Bias 
Correction 
1  -16%  8% 
2  -24%  4% 
3  -24%  1% 
4  -29%  -1% 
5  -29%  -1% 
6  -17%  2% 
7  -41%  3% 
8  -74%  3% 
9  -63%  6% 
10  -15%  15% 
11  2%  11% 
12  -8%  11% 
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Table 3.3 Annual and February –May percent differences from simulated historical 
streamflow volume for wet and dry spring scenarios.  Annually, total inflow is larger 
than historical in both scenarios but the difference is greater for the wet spring 
scenario. February and March flows are also larger than historical and May flows are 
smaller. April flows are larger or smaller depending on the time period. 
  2020  2040  2080 
  Ann  Feb  Mar  Apr  May  Ann  Feb  Mar  Apr  May  Ann  Feb  Mar  Apr  May 
Wet Spring   .1  .48  .35  .06  -.21  .09  .58  .27  .16  -.21  .23  1.03  .55  .15  -.31 
Dry Spring  .05  .43  .07  -.15  -.24  .04  .43  .01  -.07  -.24  .19  .97  .23  -.08  -.34 
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Table 3.4 Descriptions of streamflow metrics (C1 and C2) and Reservoir metrics (R1 
to R14). Reservoir metrics are divided into groups based on the three major 
reservoir operational objectives and measure the reservoir’s performance in 
controlling floods, filling, and meeting  conservation objectives. 
Number  Type  Name  Description 
C1  Streamflow  Total Inflow  The sum of daily inflow volumes  
C2  Streamflow  Center of timing   The timing of the center of mass of daily 
inflow over the year or season 
R1  Flood  10% Above  Number of days more than 10% above 
the rule curve 
R2  Conservation  10% Below  Number of days more than 10% below 
the rule curve 
R3  Flood  Above RC  Number of days at or above the rule curve 
R4  Conservation  Minimum 
Outflows Not Met 
Number of days minimum outflows are 
not met 
R5  Conservation  Mean outflow 
deficit 
Mean volume deficit when minimum 
outflows are not met 
R6  Flood  Consecutive days 
above RC 
Maximum consecutive days above the 
rule curve 
R7  Flood  Max reservoir 
elevation 
Maximum reservoir elevation 
R8  Flood  Outflow above 
flood stage 
Number of days outflow is above flood 
stage 
R9  Flood  Return to RC  Maximum number of days to return to the 
rule curve after a flood 
R10  Filling  Fill anomaly  Fill anomaly 
R11  Filling  Storage Change 
not achieved 
Number of days daily storage changes 
described by RC are not achieved 
R12  Conservation  Drawdown 
anomaly 
Drawdown anomaly 
R13  Conservation  Below RC  Number of days at or below rule curve 
R14  Conservation  Sept 1  Check whether pool elevation on 
September 1 is above boat ramp 
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Table 3.5 Means and percent changes from historical in total annual and seasonal 
inflow (MCM) for wet and dry spring scenarios. Flow increases annually and in all 
seasons except high pool. Flow volume decreases during high pool. 
Season  Historical 
mean  Scenario 
2020s  2040s  2080s 
mean 
% 
change  mean 
% 
change  mean 
% 
change 
Annual  737 
Dry  765  4%  819  11%  903  23% 
Wet  809  10%  866  17%  957  30% 
Emptying  119 
Dry  138  16%  130  9%  161  35% 
Wet  139  17%  130  10%  161  36% 
Filling  267 
Dry  277  4%  303  13%  348  30% 
Wet  319  19%  348  30%  399  49% 
High Pool  157 
Dry  111  -29%  103  -34%  96  -39% 
Wet  113  -28%  105  -33%  98  -37% 
Low Pool  195 
Dry  239  22%  283  45%  298  53% 
Wet  238  22%  283  45%  298  53% 
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Table 3.6 Means and percent changes from historical in annual and seasonal CT 
(DOrY) for wet and dry spring scenarios.  
Season  Historical 
mean  Scenario 
2020s  2040s  2080s 
mean 
% 
change  mean 
% 
change  mean 
% 
change 
Annual  148 
Dry  141  -5%  131  -11%  133  -10% 
Wet  140  -5%  131  -11%  133  -10% 
Low Pool  32 
Dry  32  0%  34  7%  33  3% 
Wet  32  0%  34  7%  33  3% 
Filling  114 
Dry  109  -4%  108  -5%  106  -7% 
Wet  110  -3%  109  -4%  108  -5% 
High Pool  201 
Dry  203  1%  204  1%  205  2% 
Wet  202  0%  203  1%  203  1% 
Emptying  335 
Dry  337  1%  336  0%  336  0% 
Wet  336  0%  336  0%  336  0% 
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Table 3.7 Means and percent changes from historical over 4 time periods for flood 
control metrics. All metrics increase over time and there are no differences between 
wet and dry spring scenarios. 
Metric 
Metric 
Description  Season 
Historical 
Mean 
Scenario 
2020s  2040s  2080s 
  Mean  % 
Change  Mean  % 
Change  Mean  % 
Change 
R1 
 
Number of 
Days more 
than 10% 
Above the 
Rule Curve 
Low 
Pool  9 
Dry  13  34%  16  68%  17  84% 
Wet  13  34%  16  68%  17  84% 
R3 
 
Number of 
Days at or 
above full 
pool 
Low 
Pool  23 
Dry  25  10%  28  25%  29  28% 
Wet  25  10%  28  25%  29  28% 
R6 
 
Maximum 
Consecutive 
Days Above 
Rule Curve 
Low 
Pool  9 
Dry  10  13%  11  25%  12  40% 
Wet  10  13%  11  25%  12  40% 
R7 
 
Maximum 
reservoir 
Storage 
Low 
Pool  101 
Dry  111  10%  123  22%  127  25% 
Wet  111  10%  123  22%  127  25% 
R8 
 
Number of 
Days 
Outflow is 
Above Flood 
Stage 
Low 
Pool  4 
Dry  5  40%  6  80%  7  107% 
Wet  5  40%  6  80%  7  107% 
R9 
 
Maximum 
Number of 
Days to 
Return to 
Rule Curve 
Low 
Pool  6 
Dry  7  23%  8  48%  10  70% 
Wet  7  23%  8  48%  10  70% 
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Table 3.8 Means and percent changes from historical over 4 time periods for filling 
metrics. Filling generally gets earlier and daily storage changes are achieved more 
often. Filling occurs more or less often depending on the streamflow scenario. 
Metric  Metric 
Description  Season  Hist. 
Mean  Scenario 
2020s  2040s  2080s 
Mean  % 
Change  Mean  % 
Change  Mean  % 
Change 
R10  Fill Anomaly  Annual 
7  Dry  13  81%  8  9%  6  -16% 
7  Wet  9  19%  2  -68%  4  -51% 
R11 
Number of 
Days Daily 
Storage 
Change is 
Not 
Achieved 
Filling 
62  Dry  65  4%  62  1%  62  0% 
62  Wet  57  -9%  56  -10%  56  -10% 
Fill % 
Percent of 
years that 
the 
reservoir 
fills 
Annual 
78%  Dry  70%  -10%  69%  -11%  66%  -16% 
78%  Wet  87%  11%  84%  7%  82%  5% 
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Table 3.9 Means and percent changes from historical over 4 time periods for 
conservation metrics. Changes in both metrics are not likely to be important in the 
future because of their small magnitude.  
Metric  Metric 
Description  Season 
Hist. 
Mean 
Scenario 
2020s  2040s  2080s 
  Mean  % 
Change  Mean  % 
Change  Mean  % 
Change 
R4 
Number of 
Days 
Minimum 
Outflow are 
Not Met 
Annual 
1  Dry  0  -74%  0  -84%  0  -75% 
1  Wet  0  -70%  0  -87%  0  -71% 
R5  Outflow 
Deficit  Annual 
-0.10  Dry  -0.11  4%  -0.11  11%  -0.13  26% 
-0.10  Wet  -0.14  38%  -0.13  30%  -0.14  33% 
R12 
 
Drawdown 
Anomaly  Annual 
-35  Dry  -53  52%  -63  81%  -70  99% 
-35  Wet  -58  65%  -62  78%  -71  103% 
R13 
 
Number of 
Days at or 
Below the 
Rule Curve 
Emptying 
19  Dry  23  19%  23  21%  24  28% 
19  Wet  20  3%  21  9%  22  14% 
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Table 3.10 Relationships between inflow and reservoir metrics 
Metric  Metric Type  Metric Name  Relationship with Inflow  R2 
R1  Flood  10% Above  Linear relationship  0.77 
R2  Conservation  10% Below  Threshold at ~100 MCM total High Pool inflow   
R3  Flood  Above RC  Linear relationship  0.67 
R4  Minimum 
Outflow 
Minimum Outflows 
Not Met  Threshold at 400 MCM total annual inflow  -- 
R5  Minimum 
Outflow 
Mean outflow 
deficit  --  -- 
R6  Flood  Consecutive days 
above RC  Linear relationship  0.49 
R7  Flood  Max reservoir 
elevation  Linear relationship  0.7 
R8  Flood  Outflow above 
flood stage  Linear relationship  0.87 
R9  Flood  Return to RC  Linear relationship  0.58 
R10  Filling  Fill anomaly  Threshold at ~300-400 MCM total annual 
inflow  -- 
R11  Filling  Storage Change not 
achieved  Threshold at 400 MCM total annual inflow  -- 
R12  Conservation  Drawdown 
anomaly  Linear relationship  0.39 
R13  Conservation  Below RC  Threshold at 100 MCM total High Pool inflow  -- 
R14  Conservation  Sept 1  Threshold at 100 MCM total High Pool inflow   
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4  General Conclusion 
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4.1  Summary of Study 
This study addressed the implications of climate change for dam operations through a case 
study of Cougar Dam, a multipurpose flood control dam in Oregon, USA.  In Manuscript 1 I 
examined historical operations in the context of the historical streamflow regime and 
described the range of conditions under which the dam has operated and how it has 
performed in the past. I also examined relationships between metrics of streamflow and 
reservoir operations to assess vulnerability to climate change and found that total seasonal 
inflow is correlated with measures of operational performance, and that other factors 
besides climate also play an important role in determining operational trajectories. I 
concluded that operations of Cougar Reservoir are vulnerable to climate change, but that 
operational flexibility may mitigate some of the potential impacts. 
In Manuscript 2 I modeled future operations of Cougar Dam and analyzed the results using 
both the traditional impacts assessment approach and a scenario-neutral approach. Future 
streamflow projections based on GCM climate projections and regional streamflow 
simulations drove a stochastic streamflow generation model, which resulted in a scenario of 
future streamflow for four time periods. A second resulted from an adjustment procedure. I 
used a simple reservoir model to simulate future operations under both scenarios of climate 
change. I analyzed the operations projections to examine when and what types of changes 
may be expected, and looked for general relationships between streamflow and reservoir 
operations. I concluded that in the future, depending on the magnitude of changes in 
streamflow, there may be an increase in outflows larger than the flood stage outflow level 
specified in the operating policies. There may also be changes in filling, although the 
direction of change depends on filling season inflow changes. Increases in filling season flow 119 
 
may increase the probability of filling the reservoir, while maintaining or only slightly 
increasing inflow may maintain or decrease filling probability. Minimum flow deficits will 
likely not change in number but may become larger in the future and drawdown may shift 
earlier. 
4.2  Study Implications 
Together these studies provide valuable information for water resource planning and 
management at Cougar Dam, in the Willamette Basin, and elsewhere. The results are 
directly applicable to planning for future operations of Cougar Dam, and they can be 
extended to the other Willamette System dams. There are differences in hydrology and 
operations between Cougar and the other dams in the Willamette System, but many of the 
findings of this study would likely be similar for those locations. For example, increases in 
winter streamflow will likely increase the need for flood control operations at all dams. 
Likewise, decreases in summer flow will likely require earlier drawdown across the system. 
Impacts on filling of the reservoir may be the most variable between the projects, since 
filling depends on spring flow magnitude and flow timing, which are influenced by 
snowmelt and groundwater. The McKenzie basin has a moderate influence of snow and 
groundwater to distribute flow timing.  In contrast, a reservoir such as Fern Ridge that 
regulates a river in the Oregon Coast Range has less snow and groundwater influence and 
responds much more rapidly to precipitation inputs. If there are significant increases in 
spring storms in the future, filling of the reservoir may not be affected, but if spring flows 
remain about the same or lower filling performance may be negatively affected. 120 
 
This case study of a multipurpose flood control dam can also give us insight into how other 
types of dams might be affected by climate change. The multipurpose nature of operations 
at Cougar have required operational tradeoffs in the past and will likely require further 
tradeoffs in the future. In contrast, a single-purpose reservoir may be less vulnerable to 
climate change because there are no competing uses of reservoir storage space. However, 
single-purpose projects will still be affected. Increases in streamflow would likely require 
increased flood control operation regardless of any other operational objectives. If flow 
volume decreases during the time period when conservation releases are needed, reservoir 
storage will likely decrease more quickly that in the future. Reservoirs with carryover 
storage between years will also be affected differently by climate change than Cougar Dam, 
which “resets” storage each year during the low pool season. Recent experience has shown 
that when reservoirs with carryover storage such as those in the US Southwest experience 
lower than historical flows for many years in a row, overall storage in the reservoir may 
decline over time and reservoir storage volume may not be able to recover to historical 
levels. 
This study has explored climate change impacts on Cougar Dam and has demonstrated 
methods of assessing impacts that may be applicable to other systems. As we look to the 
future, it will be important to continue to study the implications of climate change for dam 
operations. Through examination of impacts with new techniques, models, and information, 
we can gain understanding of what actions may be needed to adapt water resource 
management systems for future climate conditions.  121 
 
5  Bibliography 
Altinbilek, D., 2002. The Role of Dams in Development. International Journal of Water 
Resources Development 18:9–24. 
Bernstein, L., P. Bosch, O. Canziani, Z. Chen, R. Christ, O. Davidson, W. Hare, D. Karoly, V. 
Kattsov, Z. Kundzewicz, J. Liu, U. Lohmann, M. Manning, T. Matsuno, B. Menne, B. Metz, 
M. Mirza, N. Nicholls, L. Nurse, R. Pachauri, J. Palutikof, D. Qin, N. Ravindranath, A. 
Reisinger, J. Ren, K. Riahi, C. Rosenzweig, S. Schneider, Y. Sokona, S. Solomon, P. Stott, R. 
Stouffer, T. Sugiyama, R. Swart, D. Tirpak, C. Vogel, and G. Yohe, 2007. Climate Change 
2007 : An Assessment of the Intergovernmental Panel on Climate Change. 
Beyene, T., D.P. Lettenmaier, and P. Kabat, 2009. Hydrologic Impacts of Climate Change on 
the Nile River Basin: Implications of the 2007 IPCC Scenarios. Climatic Change 
100:433–461. 
Brekke, L., E. Maurer, and J. Anderson, 2009. Assessing Reservoir Operations Risk Under 
Climate Change. Water Resources 45:1–16. 
Brown, C., Y. Ghile, M. Laverty, and K. Li, 2012. Decision Scaling: Linking Bottom-up 
Vulnerability Analysis with Climate Projections in the Water Sector. Water Resources 
Research 48:1–12. 
Christensen, N.S., A.W. Wood, N. Voisin, D.P. Lettenmaier, and R.N. Palmer, 2004. The Effects 
of Climate Change on the Hydrology and Water Resources of the Colorado River Basin. 
Climatic Change 62:337–363. 
Columbia Basin Climate Change Scenarios Project Dataset, Climate Impacts Group at the 
University of Washington in collaboration with the WA State Department of Ecology, 
Bonneville Power Administration, Northwest Power and Conservation Council, Oregon 
Water Resources Department, and the B.C. Ministry of the Envi. 
http://warm.atmos.washington.edu/2860/report/. 
Danner, A.G., G.E. Grant, and M. V. Santelmann, Looking Backward to Look Forward: Past 
Climatic Controls on Operational Performance of a Multipurpose Reservoir Reveal 
Vulnerabilities to Climate Change. 
Elsner, M.M., L. Cuo, N. Voisin, J.S. Deems, A.F. Hamlet, J. a. Vano, K.E.B. Mickelson, S.-Y. Lee, 
and D.P. Lettenmaier, 2010. Implications of 21st Century Climate Change for the 
Hydrology of Washington State. Climatic Change 102:225–260. 
Flatt, V.B. and M. Tarr, 2011. Adaptation, Legal Resiliency, and the U.S. Army Corps of 
Engineers: Managing Water Supply in a Climate-Altered World. North Carolina Law 
Review 89:1499–1458. 122 
 
Graf, W., 1993. Landscapes, Commodities, and ecosystems:The Relationship Between Policy 
and Science for American Rivers. Water Science and Technology Board National 
Research Council (Editor). Sustaining Our Natural Resources. National Academy Press, 
Washington, DC, pp. 11–42. 
Hamlet, A.F., P. Carrasco, J. Deems, M.M. Elsner, T. Kamstra, S.-Y.L. C. Lee, G. Mauger, E.P. 
Salathe, I. Tohver, and L.W. Binder, 2010. Final Project Report for the Columbia Basin 
Climate Change Scenarios Project. 
Hamlet, A.F. and D.P. Lettenmaier, 2007. Effects of 20th Century Warming and Climate 
Variability on Flood Risk in the Western U.S. Water Resources Research 43:n/a–n/a. 
Hidalgo, H.G., T. Das, M.D. Dettinger, D.R. Cayan, D.W. Pierce, T.P. Barnett, G. Bala, a. Mirin, a. 
W. Wood, C. Bonfils, B.D. Santer, and T. Nozawa, 2009. Detection and Attribution of 
Streamflow Timing Changes to Climate Change in the Western United States. Journal of 
Climate 22:3838–3855. 
ICOLD, 2011. World Register of Dams General Synthesis. http://www.icold-
cigb.org/GB/World_register/general_synthesis.asp. 
Jones, R.H. and W.M. Brelsford, 1967. Time Series with Periodic Structure. Biometrika 
54:403–8. 
Jung, I.-W. and H. Chang, 2011. Assessment of Future Runoff Trends Under Multiple Climate 
Change Scenarios in the Willamette River Basin, Oregon, USA. Hydrological Processes 
25:258–277. 
Lall, U. and A. Sharma, 1996. A Nearest Neighbor Bootstrap for Resampling Hydrologic Time 
Series. Water Resources Research 32:679–693. 
Lins, H. and J. Slack, 1999. Streamflow Trends in the United States. Geophysical Research 
Letters 26:227–230. 
Lohmann, D., R. Nolte-Holube, and E. Raschke, 1996. A Large-scale Horizontal Routing 
Model to Be Coupled to Land Surface Parametrization Schemes. Tellus Ser. A 48:708–
721. 
Luce, C.H. and Z.A. Holden, 2009. Declining Annual Streamflow Distributions in the Pacific 
Northwest United States, 1948–2006. Geophysical Research Letters 36:L16401. 
McCabe, G. and M. Clark, 2005. Trends and Variability in Snowmelt Runoff in the Western 
United States. Journal of Hydrometeorology 6:476–483. 123 
 
Mote, P.W., E.A. Parson, A.F. Hamlet, W.S. Keeton, D. Lettenmaier, N. Mantua, E.L. Miles, D.W. 
Peterson, D.L. Peterson, R. Slaughter, and others, 2003. Preparing for Climatic Change: 
The Water, Salmon, and Forests of the Pacific Northwest. Climatic Change 61:45–88. 
Mote, P.W. and E.P. Salathé, 2010. Future Climate in the Pacific Northwest. Climatic Change 
102:29–50. 
Mote, P., E. Salathé, and C. Peacock, 2005. Scenarios of Future Climate for the Pacific 
Northwest. http://www.cses.uw.edu/db/pdf/moteetal2008scenarios628.pdf. 
Accessed 16 Jun 2011. 
National Marine Fisheries Service, 2008. Willamette Project Biological Opinion. 
NID, 2010. National Inventory of Dams. http://geo.usace.army.mil/pgis/f?p=397:12: 
Nolin, A. and C. Daly, 2006. Mapping “ At Risk ” Snow in the Pacific Northwest. Journal of 
Hydrometeorology 7:1164–1172. 
Palmer, M. a, C. a Reidy Liermann, C. Nilsson, M. Flörke, J. Alcamo, P.S. Lake, and N. Bond, 
2008. Climate Change and the World’s River Basins: Anticipating Management Options. 
Frontiers in Ecology and the Environment 6:81–89. 
Payne, J.T., A.W. Wood, A.F. Hamlet, R.N. Palmer, and D.P. Lettenmaier, 2004. Mitigating the 
Effects of Climate Change on the Water Resources of the Columbia River Basin. 
Climatic Change 62:233–256. 
Piani, C., G.P. Weedon, M. Best, S.M. Gomes, P. Viterbo, S. Hagemann, and J.O. Haerter, 2010. 
Statistical Bias Correction of Global Simulated Daily Precipitation and Temperature for 
the Application of Hydrological Models. Journal of Hydrology 395:199–215. 
Prudhomme, C., R.L. Wilby, S. Crooks, A.L. Kay, and N.S. Reynard, 2010. Scenario-neutral 
Approach to Climate Change Impact Studies : Application to Flood Risk. Journal of 
Hydrology 390:198–209. 
R MASS Package, Robust Fitting of Linear Models. Version 7.3-23. http://stat.ethz.ch/R-
manual/R-patched/library/MASS/html/rlm.html. 
Regonda, S. and B. Rajagopalan, 2005. Seasonal Cycle Shifts in Hydroclimatology over the 
Western United States. Journal of Climate 18:372–384. 
Safeeq, M., G.E. Grant, S.L. Lewis, and C.L. Tague, 2013. Coupling Snowpack and 
Groundwater Dynamics to Interpret Historical Streamflow Trends in the Western 
United States. Hydrological Processes 27:655–668. 124 
 
Sharma, A. and D. Tarboton, 1997. Streamflow Simulation: A Nonparametric Approach. 
Water Resources Research 33:291–308. 
Sproles, E.A., 2012. Climate Change Impacts on Mountain Snowpack Presented in a 
Knowledge to Action Framework. Doctoral Dissertation. Oregon State University. 
http://scholarsarchive.library.oregonstate.edu/xmlui/handle/1957/28640. 
Srinivas, V. and K. Srinivasan, 2001. A Hybrid Stochastic Model for Multiseason Streamflow 
Simulation. Water Resources Research 37:2537–2549. 
Stakhiv, E. and K. Schilling, 2011. What Can Water Managers Do About Global Warming? 
Journal of Contemporary Water Research & Education 112. 
Stewart, I., D. Cayan, and M. Dettinger, 2004. Changes in Snowmelt Runoff Timing in 
Western North America Under Abusiness as Usual’climate Change Scenario. Climatic 
Change 62:217–232. 
Stewart, I., D. Cayan, and M. Dettinger, 2005. Changes Toward Earlier Streamflow Timing 
Across Western North America. Journal of Climate 18:1136–1155. 
Tanaka, S.K., T. Zhu, J.R. Lund, R.E. Howitt, M.W. Jenkins, M.A. Pulido, M. Tauber, R.S. 
Ritzema, and I.C. Ferreira, 2006. Climate Warming and Water Management Adaptation 
for California. Climatic Change 76:361–387. 
U.S. Army Corps of Engineers Portland, 2009. Willamette Valley Projects Configuration / 
Operation Plan ( COP ). 
US Army Corps of Engineers, 1964. Cougar Reservoir Regulation Manual. 
Vano, J.A., N. Voisin, L. Cuo, A.F. Hamlet, M.M. Elsner, R.N. Palmer, A. Polebitski, and D.P. 
Lettenmaier, 2010. Climate Change Impacts on Water Management in the Puget Sound 
Region, Washington State, USA. Climatic Change 102:261–286. 
VanRheenen, N.T., R.N. Palmer, and M.A. Palmer, 2011. Evaluating Potential Climate Change 
Impacts on Water Resource Systems Operations: Case Studies of Portland, Oregon and 
Central Valley, California. Journal of Contemporary Water Research & Education 
124:35–50. 
VanRheenen, N. and A. Wood, 2004. Potential Implications of PCM Climate Change Scenarios 
for Sacramento–San Joaquin River Basin Hydrology and Water Resources. Climatic 
Change 62:257–281. 125 
 
Vicuna, S., J. a. Dracup, J.R. Lund, L.L. Dale, and E.P. Maurer, 2010. Basin-scale Water System 
Operations with Uncertain Future Climate Conditions: Methodology and Case Studies. 
Water Resources Research 46:1–19. 
Vicuna, S., R. Leonardson, M.W. Hanemann, L.L. Dale, and J. a. Dracup, 2007. Climate Change 
Impacts on High Elevation Hydropower Generation in California’s Sierra Nevada: a 
Case Study in the Upper American River. Climatic Change 87:123–137. 
Vogel, R.M. and A.L. Shallcross, 1996. The Moving Blocks Boostrap Versus Parametric Time 
Series Models. Water Resources Research 32:1875–1882. 
Water Supply Act of 1958, US Code Title 43, Section 390b. Development of Water Supplies 
for Domestic, Municipal, Industrial, and Other Purposes,  
World Commission on Dams, 2000. Dams and Development: A New Framework for 
Decision-making. 
Wurbs, R.A., 1996. Modeling and Analysis of Reservoir Systems. entice Hall, Upper Saddle 
River, NJ. 
Yao, H. and A. Georgakakos, 2001. Assessment of Folsom Lake Response to Historical and 
Potential Future Climate Scenarios 2 . Reservoir Management. Journal of Hydrology 
249:176–196. 
  